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The application of membranes in liquid and gas separation is attractive because of their energy efficiency. Synthesis of membranes with well-defined nanostructure is necessary to achieve
highly permeability and selectivity for separation processes. Recently, carbon nanomaterials such
as graphene oxide nanoplatelets (GONPs) and carbon nanodots (CNDs) have emerged as an interesting class of nanomaterials due to their unique properties and tailorable functionalities. Incorporation of these nanomaterials in the membranes has been shown to improve membrane selectivity,
mechanical robustness, and chemical stability. This dissertation elaborates on developing CNDs
or GONPs embedded thin film composite (TFC) membranes using layer-by-layer (LbL) synthesis
technique.
Regarding the water desalination applications, GONPs were used to enhance the TFC membranes’ selectivity, chlorine resistant properties, and surface hydrophilicity. Incorporation of GONPs
in the polyamide layer via LbL method resulted in an increase of surface hydrophilicity and salt

rejection properties. Upon exposure to chlorine, GONPs embedded membranes retained salt rejection performance better than the pristine membranes (without GONPs).
The LbL assembly was used to synthesize CNDs based TFC membranes for organic solvent
nanofiltration (OSN) applications. Using the LbL framework, amine-functionalized CNDs were
covalently crosslinked with trimesoyl chloride monomer to obtain nanoscale membranes. The
synthesized membranes manifested high selectivity (up to 90%) when tested for dye molecules
such as brilliant blue and disperse red in methanol. As the CNDs synthesized here are fluorescent
under UV light, the resultant film is also fluorescent. This property can be harnessed for diagnostic
purposes, such as tracking mechanical failure and fouling of the membranes.
Based on the results, it can be concluded that the incorporation of carbon nanomaterials in the
polymeric membranes has enhanced the hydrophilicity, mechanical stability, and chlorine resistant
properties of the membranes. Overall, the LbL platform can be considered as a modular method in
embedding nanoparticles in TFC membranes.

Key words: Layer-by-layer assembly, Graphene oxide nanoplatelets (GONPs), Carbon nanodots
(CNDs), Freestanding nanofilms, Thin film composite (TFC) membranes, Polyamide
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CHAPTER 1
INTRODUCTION

1.1

Membrane Technology and Applications
A membrane is a thin film that shows permselectivity when a driving force is applied such as

difference in chemical potential by a gradient across the membrane [32][85]. Membrane technology has succeeded in consuming lower energy compared to any other separation methods which
require evaporation and distillation[63]. Commercial membranes with different pore sizes are already being used for many size-selective separation applications such as water desalination, reverse
osmosis process, bioseparation [108, 91, 129, 42], medicine, chemical industry, water treatment,
medical devices, gas separation, and hemodialysis [127, 32]. Membrane technology is promising
in mitigating water shortage problem, providing a cleaner environment, and purifying chemicals.

1.2

Membrane Types
Membranes have different categories based on their cross-section type, shape, and fabrication

methods. The main classes for membrane cross-section types are isotropic (symmetric), integrally
skinned anisotropic (asymmetric), and composite membranes. ISA membranes contain a dense
separation layer (few hundreds nanometers thick) formed on a porous support layer (several microns in thickness)[41]. Membranes are in different shapes such as flat-sheet, hollow fiber, and
hollow capsule.
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The membranes are classified based on filtration class which is the solute size the associated
membrane is able to reject or pass.
as microfiltration membranes (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) membranes. The cross-section structure of most MF, UF, NF, and RO membranes are
asymmetric as they contain a composite skin structure. This means that these membranes posses
microporous or nanoporous selective layer on top of a macroporous support layer [127]. The most
used types of membranes for water desalination are the reverse osmosis (RO), microfiltration (MF),
nanofiltration (NF), and ultrafiltration (UF) membranes [28].
The UF membrane is mostly used for rejecting macromolecules and colloids from aqueous
solutions and to remove suspended solids from water. The RO membranes are dense membranes
with pore sizes between 1-10 Å. The RO membrane is used to separate dissolved solids such as
ions, high and low molecular weight compounds, and amino-acids from aqueous solutions [9]. The
NF membrane is a semipermeable membrane with pore sizes in the range of 0.5-2.0 nm. The NF
shows the separation characteristics between RO and UF [9]. Table 1.1 shows the the membrane
types and their attributed pore size range, operating pressure, and thickness of separating layer.
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1.3

Reverse Osmosis
Osmosis is a natural process in which the solvent molecules flow through a selective permeable

membrane from a region of lower solute concentration to a region of higher solute concentration to
equalize the solute concentrations of solutions on the both sides of the membrane [9]. In the case
of using aqueous salt solution with a semipermeable membrane, the water molecules are prone to
pass through the membrane and diffuse from the solution with the lower chemical potential (lower
salt concentration) to the other side of the membrane with higher chemical potential (higher salt
concentration).
In an aqueous solution, the dissolved solutes create an osmotic pressure, which is defined in
terms of activity (π) of the solvent (water) in the solution, thermodynamically. Equation 1.1 shows
the osmotic pressure for a solution [36].

π≡−

RT
ln aw
Vm
3

(1.1)

Where the Vm is the partial molar volume of the solvent, R is the gas constant, T is the absolute
temperature and aw is the activity of the solvent [36].
As shown in Figure 1.1, in the reverse osmosis (RO) process, a driving force is applied to
reverse the osmosis process yielding in concentrating or purifying a solution. The applied driving
force cause a pressure difference on both sides of the membrane leading in flow of solution from
feed (salt water) to permeate (fresh water). If the applied pressure is greater than the osmotic
pressure, water moves from high-solute (salt water) to low-solute (fresh water) concentration to
purify the water [9].

Figure 1.1: Schematic illustration of reverse osmosis process [11]
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For low concentrated solutions, the osmotic pressure is related to the salt concentration in the
solutions on the sides of membrane film, if an approximate of ideal solutions is considered as
shown in equation 1.2 [37].

πk = RT ΣCjk

(1.2)

Where Cjk is the molar concentration of j ion on k side of the film (i.e. feed side, or permeate
side) [37].

1.4

Thin Film Composite (TFC) Membranes: Reverse Osmosis
Reverse osmosis membrane was first developed by Loeb and Sourirajan by precipitating cel-

lulose acetate in a non-solvent (water) [83] [112] [127]. Presently, the RO membranes are one of
several types of membranes designed for purifying water[28]. In RO, which is a pressure-driven
process, the water pass through a semipermeable membrane by a solution diffusion mechanism
[37]. In the solution-diffusion model, the solvent molecules are transported in sequence of steps,
which are solvent molecule absorption on the surface, diffusion of solvent molecule through the
thickness of the membrane, and desorption of the solvent molecules from the permeate side of
membrane surface area, respectively [9].
Generally, most of RO membranes are in the form of thin film composite (TFC) membranes.
The TFC membrane is made of an interfacially polymerized fully aromatic selective polyamide
(PA) layer (≈200 nm) on top of a microporous support membrane (often polysulfone, polyacrylonitrile) containing a non-woven backing layer [22]. The PA layer is capable of rejecting ionic
solute molecules due to its dense and nonporous nature. On the other hand, its relatively low
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thickness enables the water molecules to pass through the PA layer once the driving force such as
pressure is applied[37].
One of the fundamental challenges to the PA TFC membranes is the fouling. The fouling can
be considered as the process by which organic matters (proteins, microorganisms) and inorganic
colloids accumulate on the membrane surface and reduce the permeation of desired molecules
[22]. Build-up of these organic and inorganic species on the membrane surface hinders the water
permeability and selectivity properties of the membranes. In industry, to remove the foulants
from the surface of the membranes, harsh chemicals such as chlorine are used as cleaning agents
[100]. The current polyamide layer structure is susceptible to chlorine and cleaning agents as
the chlorine can degrade the polyamide matrix in a two-step reaction. These two steps include
reversible N-chlorination of the amide N-H group to N-Cl group, and subsequently an irreversible
ring-chlorination via Orton rearrangement [52].
In addition to the susceptibility of PA matrix nature, some surface properties of interfacially
polymerized polyamide layers contribute to the build-up of foulants on the surface by promoting the membrane-foulants surface interactions [3]. These properties are polyamide’s high surface roughness and hydrophobicity which increase foulants interactions with PA surface through a
large surface area, hydrophobic attractions, and calcium bridging [120]. Therefore, science is still
investigating the pathways to improve the TFC membranes properties and structure to enhance
membrane durability when faced with chlorine or foulants.
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1.4.1

Polyamide Layer (PA): Interfacial polymerization (IP)

The key component of TFC membranes in rejecting unwanted molecules is the highly crosslinked
polyamide layer. The current PA layers of commercial TFC membranes are fabricated using interfacial polymerization (IP) method which was first introduced by Cadotte et al. in late 1970s [18].
Typically, the crosslinked polyamide barrier layer is synthesized by first soaking the substrate in
aqueous m-phenylenediamine (MPD) solution followed by soaking in organic trimesoyl chloride
(TMC) solution. As shown in Figure 1.2, the PA layer forms at the water-oil interface on the surface
of the substrate. It has been found that the reaction takes place at the organic side of the interface
due to the low solubility of acid chlorides in water and the good solubility of amine molecules in
organic solvents [33]. Generally, the amine molecules diffuse from the support membrane pores
to the interface and react with the acyl chloride group to form the PA layer. The outcome of the
IP process is production of a relatively thick and rough PA layer which has a ”ridge and valley”
morphology with a heterogeneous structure [43].
The trade-off between the permeability and salt rejection, fouling and chlorination are main
challenges in limiting the proper operations of membranes in desalination fields. Trade-off means
that a higher permeation flux is always accompanied by a lower salt rejection and vice versa for a
membrane [137]. The PA layer intrinsic (chemistry, molecular topology, molecular homogeneity)
and extrinsic (thickness, roughness, surface functionality) characteristics have a significant effect
on the permeability and selectivity of the TFC membranes [24]. Current researches are tackling
these problems by various avenues such as rendering surface properties of membranes by use of
novel polymers/nanomaterials. One of the ways to tackle the trade-off problem is to have a higher
selectivity and same permeability by using polymers or materials with novel structures [127]. The
7

trade-off can be also overcome by increasing the flux of the membrane at same selectivity by decreasing the polyamide layer thickness [127]. The PA nanofilm thickness determines the rate of
water transport through the membranes. Although the IP process is traditionally specified for PA
layer synthesis for commercial TFC membranes due to its potential to be expanded in larger scales
for manufacturing, the IP-PA is not qualified as an ideal active layer where the IP process allows
controlling the PA properties. In the interfacial polymerization method, the PA layer forms fast in
a relatively uncontrolled reaction leading to a crumpled layer of 50-200 nm thick. However, the
conventional IP method is not fundamentally designed for preparing a defect-free PA layer with
relatively low thickness [127]. Achieving low thickness for polyamide layer in IP method is challenging since the uneven pore size and pore distribution of membrane support layer contribute to
the formation of a heterogeneous polyamide layer [24]. Also in IP process, there is no modularity
on controlling the PA layer surface roughness, homogeneity, network structure, and chemical functionality. Another limiting factor in controlling the PA layer thickness growth through IP method
is uncontrolled fast reaction of MPD with TMC at the water-oil interface[38].
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Figure 1.2: Schematic illustration of interfacial polymerization

1.5

Layer-by-Layer Technique for Membrane Fabrication
Fabrication of membrane selective layer via IP method yields to a highly heterogenous polyamide

film where limited control have been achieved on formed PA layer thickness and ridge-and-valley
structure. Formation of such PA layer leads to limited understanding of membrane-structureproperty relationship studies. Fabrication of PA layer through IP method also act as a barrier
toward developing membranes with optimized permselectivity properties [44]. Molecular-level
assemblies provide a better chance in controlling the polyamide selective properties compared to
conventional approaches such as IP [125].
One of the promising molecular-level assemblies for PA layer formation is the layer-by-layer
(LbL) technique. The layer-by-layer (LbL) synthesis method which was first introduced for formation of polyelectrolyte layers, can be regarded as a new platform for synthesizing selective layers
9

in membrane technology where the active layer (PA) thickness, topology, and chemical composition are controllable at molecular level. Such control on the monomer length-scale properties of
selective layers is rarely achieved using IP technique [44].
In the LbL synthesis, the monomers are assembled at the molecular scale which yields in
a smooth film compared to films produced by IP method [44]. In addition, the LbL is a more
beneficial method in formation of selective layers compared to IP method since the LbL method
is not limited to specific solvents. Whereas, in the IP process, the selective layers are formed by
reaction of monomers at the interface of aqueous and organic solutions[44].
The formation of a thin, uniform selective layer via LbL method can be assissted by using
several methods such as drop-casting, dip-coating, and spin coating [61]. In the spin coating, the
film is formed by diposition of liquid on a flat rotating disk by centrifugal force. Spin coating
process facilitate applying uniform coatings on a wide variety of substrates. In the spin coating
process, the final film thickness is highly dependent on viscosity of solution, drying rate process,
and solution concentration.

1.6 The role of nanomaterials in membranes
1.6.1 Graphene Oxide Nanoplatelets
Graphene oxide is a single sheet of graphene which has oxygen-containing functional groups
[22]. Graphene is a carbon single layer that has hybridized sp2 carbon atoms in a honey comb structure [113]. Graphene oxide nanoplatelets (GONPs) are promising nanomaterials in synthesizing
novel membranes for water desalination applications. Oxygenated graphene oxide nanoplatelets
(GONPs) possessing carboxyl, hydroxyl, and epoxy functional groups are promising for enhancing
TFC membranes surface hydrophilicity. In 1958, Hummers method was introduced for oxidizing
10

graphite to yield GONPs by treatment with KMnO4 and NaNO3 in concentrated H2SO4 [90].
Recently, the improved Hummers method was introduced which provides a greater amount of hydrophilic oxidized graphite for GONPs production [90].
Simulation studies have indicated the efficiency of GONPs membranes in rejecting monovalent
ions such as NaCl using a molecular dynamics modeling approach. The simulation studies in the
literature have concluded that one layer of nanoporous GONPs can remove NaCl salt from water
molecules with rates in the range of 10 to 100 L per cm2.day.MPa[48].
Various molecular interactions between the components can play a role in the formation of
the GONPs film formed via LbL assembly. These intermolecular interactions include electrostatic
interaction, hydrogen bonding, charge transfer interactions, and covalent bondings [73]. Since the
GONPs are unstable in water as the nanosheets are extremely hydrophilic, stable bonding between
GONPs is needed to prevent their dispersion in water [51]. The spacing between GONPs can
be engineered by incorporating crosslinkers as a viable approach[51]. Therefore, in this thesis
GONPs are embedded in PA layer where the free acyl chloride groups of TMC react with carboxyl
or hydroxyl groups in TMC to form anhydride or ester bonds [51]. These membranes are capable of
showing high chemical stability, strong hydrophilicity, and excellent antifouling properties which
optimize the TFC membranes for water treatment applications [51].
The GONPs surface is partially oxidized where most of oxygen-containing functional groups
are at the edges of GONPs sheets. These oxygen-containing functional groups function as maintaining a large interlayer distance between GONPs sheets which leads to creation of voids between
nonoxidized regions of GONPs sheets. This space between nonoxidized GONPs sheets results in
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formation of nanocapillaries within GONPs sheets. In the capillary regions, the water molecules
flow through GONPs with no frictions whereas other liquids or solutes are blocked [16, 116].
Current TFC membranes suffer from performance deterioration when faced with chlorine and
chlorine-based chemicals in water treatment systems. The main use of chlorine, is to clean the
membrane surface and control the membrane fouling. To manage the membranes shortcomings
with fouling and chlorination, the membrane skin layer, the polyamide layer, can be modified by
incorporation of nanomaterials such as GONPs [22]. Carbon-based nanomaterials such as GONPs
are ensuring for fouling reduction due to their antibacterial nature [5]. Since GONPs are hydrophilic in nature, hydrophobic foulants would be suppressed and repelled by incorporation of
GONPs in membrane materials leading to an improvement in membrane antifouling and chlorineresistance properties [14].

1.7

Organic Solvent Nanofiltration (OSN)
It is essential to do separation processes in many applications such as chemicals and pharma-

ceutical industries where a considerable attention is dedicated to applying methods to concentrate
or purify the chemicals, exchange the solvents or recycle the catalysts [92]. There are many available separation processes for molecular separation in organic solvents such as distillation, evaporation, adsorption, extraction, chromatography, and organic solvent nanofiltration (OSN) membranes
[92]. The benefits of using OSN membrane technology over other processes such as thermal distillations is the reduction in the carbon footprint and energy use of separations [134]. In OSN
membrane field, it is often the goal to separate Small molecules with molecular weight ranging
from 200 to 1000 g/mol from the solution [134]. Although there exist some few types of mem12

branes use for OSN applications commercially, an optimized high-performance membrane with
sufficient chemical stability and selectivity have not yet been developed [134].
The most common solvent-stable polymers used in OSN membranes as support layer are
polysulfone, poly(ether sulfone), polyacrylonitrile, poly(vinylidine fluoride), polypropylene, polyimide, and polybenzimidazole [92]. The integrally skinned asymmetric (ISA) and thin film composite (TFC) membranes are the two main types of polymeric OSN membranes [92]. One of the
main benefits of using TFC membranes for OSN applications, is that the active layer and support
layer of TFC membranes can be modified independently so the membrane can be applicable in
harsh organic systems. One of the major drawbacks of current state-of-art membranes used in
OSN is their swelling which leads to changes in the shape and pore sizes of the membranes. To
broaden the application of NF and RO membranes from aqueous solutions to organic solutions,
membranes should be solvent-stable so that their separation characteristics are preserved in different solvents [59]. One possible solution to this drawback is including carbon-based materials in
the structure of membrane to form rigid pores/structure which do not swell or change dimension
in organic liquids. Carbon-based nanomaterials such as CNDs can be used as precursors for synthesis of the selective layer because these materials are mechanically strong and possess abundant
reactive groups.
The interactions of solute/solvent with the membrane layers effect the OSN performance behavior of membranes. These interactions are categorized is three major types of structural, affinity,
and surface interactions. Some parameters such as effective solute and pore diameter can be regarded as structural interactions. Solubility, hydrophilicity, and polarity can be regarded as affinity
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interactions. Some interactions that happen at the surface of the membrane such as charge and
surface roughness are regarded as surface interactions [92].

1.7.1

Carbon nano Dots (CNDs)

Carbon nanodots (CNDs) are a class of spherical nanocarbon materials that have been discovered for the first time during the purification of single-walled carbon nanotube (SNTs) through
electrophoresis in 2004 [76] [12]. The carbon dots, in general, can be categorized in class of subgroups such as carbon nanodots, graphene quantum dots, graphitic carbon quantum dots, amorphous carbon dots, and polymer dots[76]. Gradually, the CNDs have attracted much attention
since these materials are benign, abundant, and inexpensive in nature [76].
CNDs are very suitable for surface functionalization using different organics, inorganic, and
polymeric materials. CNDs can be synthesized by two methods of top-down and bottom-up [12].
One of the bottom-up approaches is thermal or combustion in which CNDs are produced from
relatively smaller molecules or monomers [11]. In this method, the molecular precursors polymerize with each other and form dimer, oligomer, and polymer[76]. As the reaction progresses, the
material goes through further polymerization or carbonization leading to achievement of carbon
nano dots [80].
The obtained CNDs are usually water soluble with fluorescent properties [29]. The photoluminescent property of CNDs adds another dimension to the versatility of this material and promises
new advancements in the nanocomposite fields. The unique properties of CNDs such as simple
fabrication process, high quantum yield, low toxicity, and water solubility makes them interesting
materials for different applications [80]. CNDs can be regarded as highly effective modifiers due
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to the presence of favorable surface functional groups, chemical stability, nontoxicity, and high
surface area [68].
The CNDs can become a powerful candidate in preparing high performance TFC membranes
due to their carbonic core and fine size [68]. In addition, the inclusion of nanosized inorganic materials into the TFC membranes leads to an improvement in mechanical stability of the membranes.
Till date, hybrid membranes have been fabricated using inorganic materials such as silica particles,
porous carbon, carbon nanutube (CNT), graphene, and graphene oxide. In this dissertation, the
fabrication of highly selective TFC membrane is reported where the CNDs are used as building
blocks for fabricating a cross-linked rigid active layer.

1.8

Motivation
The motivation of this work is to improve the materials and processes used for membrane

fabrication where membranes are optimized for enhanced performance for water desalination and
organic solvent nanofiltration applications. This aim can be achieved in several ways such as
preparing composite membranes where the nanomaterials properties add value to current status of
polymeric membranes. The objective of this work is to address the challenges of IP method for
incorporating nanomaterials in polyamide TFC membranes that limits the use of these membranes
to certain applications such OSN and desalination. Selective polyamide layer is directly related to
these challenges due to complications in controlling its structure, chemistry and properties. Addressing these challenges would further improve the membrane science field toward understanding
of the structure-property-relationship of the polymeric membranes.
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This dissertation is inspired by simulation and literature studies on effect of GONPs on membranes and novel LbL approach for PA synthesis. In the simulation studies, it was shown that
interlayer structure of GONPs creates a path for transport of water molecules. The literature studies have shown that PA layer can be synthesized with modularity on thickness growth and surface
properties via LbL method. Thereby, the motivation was to synthesize such a GONPs embedded
RO membrane that GONPs are incorporated in PA matrix in a controllable manner using LbL
method. The performance and surface properties of synthesized membranes were evaluated.
The developed modular technique for incorporating nanomaterials in membranes were later
used to fabricate highly permeable and selective TFC membranes for OSN applications. Using LbL
method, rigid crosslinked membranes were synthesized where CNDs were considered as building
blocks for the selective layer. The CNDs membranes showed promising OSN performance and
fluorescent properties.

1.9

Objectives and Scope of Dissertation
The goal of this dissertation is to investigate the approach of molecular LbL synthesis method

for membrane fabrications and using carbon-based nanomaterials for polyamide structure modifications to mitigate the limitations of traditional membranes in desalination and organic separation
applications. This work aims to use LbL method as a modular platform to incorporate carbonbased nanomaterials such as graphene oxide nanoplatelets (GONPs) and carbon nanodots (CNDs)
in the polyamide or active layer structure where homogeneous surface functionality is achieved.
Specifically this thesis seeks to:
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1- Fabricate TFC membranes with controlled surface and structural properties by molecular
LbL assembly to enhance the future studies on the in-dept understanding of structure-propertyrelationship of polymeric membranes
2- Impart chlorine resistant, surface hydrophilicity, increased salt rejection properties on the
polyamide TFC membranes through incorporation of GONPs in the polyamide layer via LbL assembly
3- Using CNDs as carbon-based nanomaterials to synthesize novel TFC membranes for organic
solvent nanofiltration applications
4- Identify the fluorescent properties of synthesized CNDs TFC membranes as a new way to
detect mechanical fracture or defects in synthesized nanofilms
5- Create mechanically robust, freestanding nanofilms where CNDs were used as building
blocks to synthesize crosslinked rigid nanofilms and study their separation performance and structural characteristics

1.10

Thesis Organization

This thesis aims to investigate two approaches to enhance the traditional TFC membranes:
nanomaterials incorporation/modifications of TFC selective layer and LbL assembly application
in membrane synthesis. The LbL approach has been developed into synthesis of active layer with
and without the nanomaterials.
Chapter 2 presents embedding the polyamide layer with GONPs to enhance desalination membranes with improved chlorine resistance properties. Oxygen containing functional groups on the
GONPs are linked by covalent bonds with acyl chloride functional groups in the trimesoyl chlo17

ride (TMC). The impact of GONPs embedding in PA layer on membrane anti-chlorine properties,
permeability, hydrophilicity, and selectivity are investigated. Appendix A provides detailed information regarding AFM, TEM, XPS, FTIR, XPS, and data statistics studies.
Chapter 3 discuss a development of hybrid TFC membranes where the rigid and crosslinked
selective layer is built by using flourescent carbon nanodots (CNDs) as building blocks via LbL assembly. CNDs nanofilms are built by sequential deposition of aminated CNDs and triacid chloride
monomers in the LbL method. Furtheromer, the CNDs nanofilms were synthesized freestandingly
to better investigate the effect of CNDs on nanofilm structure using microscopic, spectroscopic,
and other surface sensitive techniques. Appendix B provides detailed information regarding fabrication process, SEM, XPS, contact angle, FTIR, and performance studies.
Chapter 4 includes the conclusion and future works where the main findings and novel contributions of this thesis on the development of the next generation TFC membranes has been summarized.
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CHAPTER 2
LAYER-BY-LAYER ASSEMBLY OF GRAPHENE OXIDE NANOPLATELETS EMBEDDED
DESALINATION MEMBRANES WITH IMPROVED CHLORINE RESISTANCE

2.1

Introduction
About one billion people in the world do not have or have limited access to the clean drinking

water [107]. This number is continuously increasing as many regions become water-scarce because
of over usage of water for agricultural and industrial purposes, and in a change of weather patterns.
To obtain clean drinking water in the arid coastal regions, desalination of sea and brackish water is
a viable option. Among many large-scale processes, the application of reverse osmosis (RO) based
membrane separation is the most energy-efficient one [72]. However, there are many shortcomings
resulted in a higher cost per gallon of clean water. For example, the operation of these membranes
requires very high pressure as high osmotic pressure needs to be overcome. In addition, fouling
of RO membranes, likely facilitated by the ridge and valley morphology of the active layer, is a
major challenge, which leads to membrane performance deterioration [98]. Chlorine wash is an
industry-standard to remove biofouling from the membranes, however, such wash degrades the
membrane significantly [15]. Many strategies including the incorporation of nanoparticles in the
active layer of RO membranes are being investigated with the goal of increasing water flux at
lower transmembrane pressure, reducing the propensity of biofouling and making the membranes
chlorine resistance[39].
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Interfacial polymerization technique has been used to incorporate nanoparticles in the active
layer, particularly graphene oxide nanoplatelets, but a clear trend in performance data has not been
observed, as the process involves significant variabilities[47, 138, 6, 70]. To overcome that challenge, we have developed a layer-by-layer (LbL) technique, a modular process, in which graphene
oxide nanoplatelets (GONPs) have been embedded in polyamide (PA) layer, a typical constituent
of the active layer in RO membranes [133]. Using this framework we obtained hydrophilic RO
membranes with consistent flux and salt rejection properties. The modular platform developed
here can be extended to membranes with other chemistries and nanoparticles.
The active layer of RO membranes, where the salt rejection takes place, is a crosslinked aromatic polyamide layer (PA). This is commercially fabricated by the interfacial polymerization(IP)
of two monomers, m-phenylenediamine or MPD (an amine) and trimesoyl chloride or TMC (an
acid chloride) [45]. The IP method leads to the PA layer with a rough surface and having a thickness in the range of 20-200 nm [31, 37, 18]. The resultant morphology has been characterized as
the ridge-valley structure and the development of such has been related to the typical characteristic of the reaction-diffusion process in the IP step[63]. Recently, LbL technique has been used
to fabricate smooth PA layer with controllable thickness by reacting MPD and TMC[114, 61]. It
has been shown that an LbL fabricated membrane with an active layer thickness of 25 nm displays
performance comparable to the commercial RO membranes [44].
In this work, we have extended this LbL technique to embed GONPs in the PA matrix to harness
the perceived benefits of GONPs such as high mechanical strength, and rendering the membranes
hydrophilic and chlorine resistant[5] [86]. Monolayer graphene with nanopores has been proposed
for water desalination [25, 119], but manufacturing of such material over a large area for practical
20

applications is challenging and likely impractical [119]. Also, a single layer of graphene is prone
to mechanical failure in real-life applications. Alternatively, graphene-containing thin films as an
active layer can be prepared where the nanoplatelets are not continuous but stacked as a result
of drying. As shown in a simulation study, two stacked functionalized graphene nanoplatelets
can result in a two-dimensional nanochannel (transport channel) [16]. The water molecules enter
in the gap/crack between two nanoplatelets and then flow through the nanochannels [16]. After
arriving at the end of a platelet, the water molecule hops to another nanochannel. This process
continues until the molecules reach the end of the membrane [16]. Here, a continuous path of
water molecules is considered. Also, the interlayer spacing between the graphene oxide layers,
i.e., the height of the nanochannel and the availability of hydrophobic graphene surface, i.e., the
nonoxidized regions in the GONPs, play important roles. Using computational studies, it has been
shown that a nanochannel height in the range of 0.6-0.85 nm is sufficient for the hydrogen-bonded
water molecules to flow as an ordered layer [25, 16]. Since there is no interaction between the water
molecules and the hydrophobic nonoxidized regions of graphene, the ordered water molecules can
flow easily over those areas [16, 95]. These simulation results suggest a rapid, convective water
transport through these graphene bound transport channels at a lower pressure drop compared to
the solution-diffusive transport in conventional RO membranes [25, 16, 95]. Another possible
mechanism of water transport through a stacked layer of GONPs is not through the interlayer
spacing but in between the platelets [51]. This is promoted by the hydrophilic functional groups at
the edges and on the surfaces [116, 84, 26]. The interactions of water molecules with the GONPs
functional groups on the edges let the water molecules pass through the edges in the nanochannels
[89].
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Experimental investigations on stacked GONPs layers have not displayed high water flux and
salt rejection properties [51]. In addition, these stacked layers are not stable in an ionic, high salt
environment. Alternatively, GONPs incorporated in PA matrix through IP or PA active layer coated
with GONPs are more common in the literature [98, 131, 140, 145, 71]. Although an increase in
flux has been observed in a few cases, the performance of these membranes varies significantly
from one study to another. These can be attributed to the GONPs synthesis process and membrane
preparation techniques. The IP technique does not allow the controlled incorporation of GONPs in
the PA matrix, and agglomeration of these nanoparticles has been hypothesized at higher GONPs
concentration[138]. Also, uncontrolled IP reaction led to a leaf-like surface morphology with
broader ridges[13]. In contrast, we have developed a modular, spin-coating assisted LbL method,
where embedding the GONPs in the PA matrix has been achieved. The functional groups (hydroxyl, carboxyl, and ether) present on GONPs surface interact with MPD and TMC monomers
through hydrogen/covalent bonding.
Three different membranes have been fabricated viz. 15 layers of PA, 15 layers of alternate PA
and GONPs, and 15 layers of PA with 3 layers of GONPs at the top. We compared the performances of these membranes by testing in a dead-end set-up. The surface properties, morphology,
and chlorine resistance properties have also been investigated.

2.2 Methods and Materials
2.2.1 Materials
The following materials were used as received from Sigma-Aldrich: branched polyethyleneimine
(PEI) with a molecular weight of 750,000 g/mol, poly(acrylic acid) (PAA) with a molecular weight
of 100,000 g/mol, m-phenylenediamine (MPD) with 99% purity, trimesoyl chloride (TMC) with
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98% purity, sodium hydroxide (NaOH), and sodium chloride (NaCl) with ≥ 99 % purity. The following solvents were purchased from Fisher Scientific: toluene, acetone, ethanol, and isopropanol.
Molecular sieves (3Å, Acros Organics) were used to dehydrate toluene and acetone. Graphene
oxide nanoplatelets (GONPs) were synthesized from expanded graphite powder (Asbury Carbons,
CAS# 7782-42-5, grade 3806). Deionized (DI) water with the resistance of 18.2 M Ω.cm from
Millipore Milli-Q purification system was used for all experiments. Silicon wafers (single-sidepolished, 25.4 mm diameter) were purchased from University Wafers. A polyacrylonitrile support
(PAN50) and a commercial RO membrane (SW30HR) were obtained from Sepro Membranes Inc.,
and Dow Filmtech Company, respectively.

2.2.2

Synthesis and Characterization of GONPs

GONPs were synthesized using the improved Hummers’ method [90, 143]. Briefly, a mixture
of H2 SO4 /H3 PO4 (360:40 mL) was added to a mixture of graphite flakes (3.0 g) and KMnO4 (18
g) and was then stirred for 12 h at 50 ◦ C. The suspension was poured onto ice (367.6 g) mixed
with 30% aqueous solution of H2 O2 (3 mL). The mixture was filtered through a polyester filter.
The filtrate was centrifuged and the supernatant was decanted away. The collected solid material
was washed and centrifuged sequentially with DI water (one time), HCl solution (one time), and
ethanol (two times) decanting the supernatant away in every wash step. The remaining material
after these wash steps was coagulated with ether and the suspension was filtered through a PTFE
membrane. The solid material was collected and was vacuum-dried overnight. The chemical and
physical properties of GONPs such as dimensions, the degree of oxidation, functional groups were
characterized using atomic force microscopy (AFM), transmission electron microscopy (TEM),
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X-ray photoelectron spectroscopy (XPS), and Fourier Transformed Infrared spectroscopic (FT-IR)
analysis.

Figure 2.1: Schematic of GONPs synthesis using modified Hummer’s method.

2.2.3

Interlayer Preparation

A polyelectrolyte interlayer (PE) was fabricated on a hydrolyzed PAN (HPAN) support prior
to fabrication of the PA layer. To obtain the HPAN sample, the PAN50 support was submerged
in a 2.0 M NaOH solution at 50 ◦ C for 2 hours. HPAN sample was then thoroughly washed with
DI water until the pH of the water becomes neutral. A 2”×2” sample of HPAN was attached
to a silicon wafer using Kapton tape. The wafer was fixed on the spin-coater for the subsequent
layer-by-layer process.
An aqueous PEI solution with a pH of 10.6 was obtained by adding 0.1 wt% polyethyleneimine
(PEI, molecular weight= 750,000 g/mol) and 0.5 M NaCl. Similarly, an aqueous PAA solution with
a pH of 3.5 was obtained by adding 0.1 wt% polyacrylic acid (PAA, molecular weight= 100,000
g/mol) and 0.5 M NaCl in DI water[22].For preparing a PE layer, the PEI solution was deposited
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on HPAN using a spin coater (200 rpm, 1 min), followed by a wash step using DI water. Then
the PAA solution was deposited and washed in a similar manner. One layer of PE has formed by
the above-mentioned steps. The PE-coated HPAN specimen (HPAN/PE) was dried using an air
gun before proceeding to the next step. In this work, three layers of PE was fabricated to allow
the proper coverage of larger pores of HPAN. Polyelectrolyte layer cannot restrict the flow of salt
ions efficiently, as the HPAN membrane with only one PE layer displays approximately 4.6% of
NaCl salt rejection and 409.7 L/m2 hr flux. With 3 layers of PE on HPAN, we have observed
approximately 12.1 % NaCl rejection and 145.5 L/m2 hr flux.

2.2.4

Active Layer Preparation

The fabrication of the PA layer on PE interlayer was conducted by alternate deposition of 1.0
wt % MPD and 1.0 wt % TMC solutions in toluene, and wash steps in between. 1 mL of reactants
or wash solutions were deposited on the sample in each step. A reaction time of 40 seconds was
used where spin-coater was not rotating (stationary). The sample was then spun at 2000 rpm for
20 seconds to remove the excess liquid. MPD solution was deposited on PE layer first, followed
by washing with acetone. Next, TMC was deposited followed by washing with toluene. This
process was repeated multiple times to obtain the desired number of layers[22]. To introduce
GONPs in PA matrix, a 300 ppm GONPs suspension in ethanol was spun-coated (60 seconds, 200
rpm) at the desired step during the PA layer fabrication. The GONPs suspension was sonicated
(Branson 1800, 40 KHz) for 60 minutes prior to the spin coating. Similar to other reactants and
wash solution, excess GONPS suspension was also removed by spinning the sample at 2000 rpm
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for 40 seconds. The fabrication strategy has been discussed in details in the results and discussion
section.
For AFM characterization, in a limited number of cases, the active layer was fabricated on the
ultraviolet ozone (UVO) treated silicon (Si) wafers. Silicon wafers were washed thoroughly with
ethanol, isopropanol, and toluene followed by a UVO treatment for 30 minutes, which introduces
oxygen-containing functional groups on the surface [64].

2.2.5 Membrane Characterization
2.2.5.1 Water Contact Angle
The water contact angle was evaluated using a drop shape analysis system (DSA 100, KRUSS,
Germany). For each type of synthesized membranes, the reported contact angle is an average of
three replicates (samples) and at three to four locations for each replicate.

2.2.5.2

Zeta Potential Measurements

Surface zeta potential measurements were conducted using Anton-Paar SurPASS3 (SurPASS,
Anton Paar, Austria) streaming potential analyzer with 10 mM KCl aqueous solution as the background electrolyte. The solution pH was adjusted by using NaOH and HCl solutions in order to
obtain the zeta potential values at different pH.

2.2.5.3

Atomic Force Microscopy (AFM)

The fabricated films on silicon wafers were characterized using AFM (Dimension Icon with
ScanAsyst), primarily in the contact mode. Scanning was performed at a speed of 1 Hz, and a scan
size of 50 µm was used. The root-mean-square (RMS) surface roughness was estimated using
NanoScope shape analysis software. The thickness of the fabricated layer on a silicon wafer was
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measured by scratching off the film from the wafer with a razor blade and then measuring the
change in height from the film surface to the stripped-off wafer surface [97, 35, 34]. Scratching
the wafer via a razor blade removes the ployamide layer while the silicon wafer is intact[124].

2.2.5.4

Scanning Electron Microscopy (SEM)

A JOEL, 6500F Field Emission scanning electron microscope (SEM) was used to investigate
the microstructure of the fabricated active layer on HPAN support. For cross-sectional imaging,
the polyester fabric was removed from the PAN50 substrate using double-sided tape. The PAN
layer was then hydrolyzed and an active layer was fabricated using the layer-by-layer method.
The specimens were submerged in liquid nitrogen to render them brittle and were then fractured
to access the cross-section view. Similarly, to investigate the membrane surface, samples were
also dipped into liquid nitrogen. These samples were sputter-coated with platinum before SEM
imaging.

2.2.5.5

Transmission Electron Microscopy(TEM)

Cross-sectional images of the synthesized active layer on the HPAN substrate were also obtained via TEM. TEM studies were performed using a JEOL 2100 transmission electron microscope, operating at 200 kV. For the preparation of the TEM samples, the polyester backing layer
was removed. The samples were stained with a 0.5 wt % aqueous solution of RuO4 (Electron
Microscopy Sciences) for 1 min followed by rinsing with DI water. Next, the samples were dehydrated in multiple steps using 50, 70, 90 % aqueous solutions of ethanol, and lastly 100% ethanol
for 30 min each. Samples were immersed in LR white resin (Electron Microscopy Sciences) viz.
in 1:1 and 3:1 resin: ethanol solutions for 12 hours each. In the next step, samples were immersed
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in pure resin for 4 days and the resin was changed every 24 hours with the goal of removing ethanol
completely. After ethanol was removed, the samples were degassed and a few drops of benzoyl
peroxide was added to accelerate the curing/hardening process of the resin[67]. Approximately
60-90 nm thick sections of samples were cut with a diamond knife on a Reichert-Jung Ultracut
E Ultramicrotome setup. The sections were mounted on copper grids (Electron Microscopy Sciences) for imaging.

2.2.5.6

FTIR Analysis

The functional groups present in the membranes and GONPs powder were characterized by
Fourier Transformed Infrared spectroscopic (FT-IR) analysis (ATR mode) using a Nicolet 6700
FT-IR spectrometer (Thermo Scientific, USA). A total of 512 scans per line were taken from 600
cm-1 to 4000 cm-1 with a resolution of 4 cm-1 .

2.2.5.7

XPS Analysis

XPS analysis was performed using a Thermo Scientific K-Alpha XPS system equipped with a
monochromatic X-ray source at 1486.6 eV, corresponding to the Al Kα line. A spot size of 400
µm2 was used. Measurements were conducted in the Constant Analyzer Energy mode. The survey
spectra were collected at a pass energy of 200 eV over a range of 0-1300 eV. The high resolution
(HR) core level spectra were collected at a 40 eV pass energy and an energy step size of 0.1eV, and
using an average of 20 scans. HR scans of C1s, O1s, and N1s have also been conducted. XPS data
processing was performed using ”CasaXPS”.
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2.2.6

Membrane Performance

The water permeability and salt rejection (NaCl) properties of the fabricated membranes were
measured in a laboratory-scale dead-end system (HP4750, Sterlitech Corp.) at an operating pressure of 400 psi. An aqueous solution of NaCl with a concentration of 2000 ppm was used as
the feed solution. A magnetic stir bar was placed inside the dead-end system. The dead-end
system was placed on a stirrer plate and the stirring rotation was fixed at 700 rpm. Water flux
(Jw , L/m2 h) was estimated as, Jw = Q/At, where Q (L) is the amount of permeate collected for
a time t (h), A (m2 ) is the area of the membrane. Salt rejection (R, %) has been estimated as
R = (1 − Cp /Cf ) × 100. Here, Cf and Cp are the NaCl concentrations in the feed and in the
permeate, respectively. Salt concentration was measured by using a conductivity meter (Jenway
4520). The steady-state permeance and salt rejection were obtained after large time-period when a
steady-state is reached.

2.2.7

Membrane Chlorine Stability Test

A chlorine solution was prepared by diluting a sodium hypochlorite stock solution (4% NaOCl,
Sigma-Aldrich) in DI water to achieve a chlorine concentration of 5000 ppm. Initially, the membrane performance was investigated using a feed solution with 2000 ppm NaCl. The membrane
was then exposed to the chlorine solution in the dead-end cell for 1 hour. The membrane was then
rinsed with DI water and was tested again using a feed solution with 2000 ppm NaCl. All tests
were conducted at 400 psi[62, 88].
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2.2.8

Data Analysis and Statistics

All experiments were conducted at least three times (three independent replicates). The mean
value and the standard deviation were estimated for each case. Subsequently, the results were statistically analyzed by one-way analysis of variance (ANOVA) test to determine whether the mean
values are different. If the mean values have been found to be different, a t-test was performed to
determine whether the results are statistically different results. The p-value less than 0.05 indicates
the results are different (see Appendix A for more information).

2.3

Results and Discussion
In this study, an LbL process for the fabrication of RO membranes consisting of GONPs em-

bedded in PA active layer has been developed. The process involves spin-coating of reactants and
GONPs suspension in a sequential manner with washing steps in between. As described above,
the PAN substrate was first hydrolyzed using a NaOH solution. The hydrolysis process converts
the nitrile groups (-CN) at the PAN surface to carboxylate (-COO- ) groups [43], enabling the fabrication of subsequent layers. Because of hydrolysis, the water contact angle of HPAN become 33
± 2 ◦ in comparison to 48 ± 3 ◦ for pristine PAN.
After hydrolysis, a polyelectrolyte (PE) interlayer was fabricated on the HPAN support. This
interlayer blocks the reactants to enter the pore of the HPAN support in the subsequent LbL process.
This PE layer was formed by the LbL process using a polycation (PEI), and a polyanion (PAA).
PEI was initially deposited on the HPAN and the positively charged amine groups of PEI interact
with the carboxylic acid groups on HPAN through ionic interactions. PAA was deposited next
and the negatively charged carboxylic acid groups of PAA interact with positively charged amine
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groups of PEI forming a PE layer[22]. This process was repeated three times, as that resulted in
consistent membrane performance.
Membrane active layer was fabricated on top of the PE layer using a sequential spin-coating
process, as shown in Figure 2.2. In the first step, a dilute solution of MPD in toluene was spincoated (denoted as R1 ). Amine functional groups (-NH2 ) of MPD react to form a covalent bond
with the carboxylic acid groups of PAA. The unreacted MPD monomer was then washed with
acetone (W1 ). Afterward, a dilute solution of TMC was spin-coated (R2 ). The acyl chlorides
groups of TMC react with the amine groups of MPD [126]. Excess TMC was washed away by
toluene (W2 ). In our process, reactants with a dilute concentration have been used as it reduces the
non-specific adsorption of reactants on the surface. Also, the reaction rate between MPD and TMC
is very fast and the LbL process is not a diffusion-controlled one, as observed in IP. The reaction
between MPD and TMC monomers leads to the formation of one PA layer, which is referred to
as PA1 [20]. This process can be repeated multiple times to form the desired number of PA layers.
For the present study, as summarized in Table.2.1, we have fabricated fifteen PA layers (PA15 ) for
further analysis. As three acyl chloride groups of TMC react with the amine groups of MPD, a
highly crosslinked dense network is obtained. Like any desalination membrane prepared by IP,
this crosslinked layer is investigated as an active layer for the desalination process.
The GONPs were characterized using FTIR, TEM, and X-ray photoelectron spectroscopy
(XPS). Figure 2.3a presents the FTIR spectrum of synthesized GONPs. The presence of O-H
bond in hydroxyl group (3560 cm-1 ), C=O bond in the carboxyl group (1716 cm-1 ), unoxidized sp2
aromatic C=C bonds (1619 cm-1 ), C-O bond in ester group (1043 and 1374 cm-1 ) can be confirmed
in the FTIR spectrum [111][65]. Figure 2.3b display a TEM image of GONPs captures that the
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Figure 2.2: Schematic of layer-by-layer fabrication of GONPs embedded polyamide active layer.
The active layer was fabricated by sequential spin-coating in 5 steps: Reactant (R1 ) consisting of
MPD in toluene, wash step (W1 ) using acetone, reactant (R2 ) consisting of TMC in toluene, wash
step (W2 ) using toluene, GO consisting of the GONPs suspension in ethanol.
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Figure 2.3: Characterization of GONPs. a) FTIR spectrum of GONPs, and b)TEM image of
GONPs.

GONPs have lateral dimensions in the range of 500 nm to 1 µm and thicknesses from 1.1 to 2.6
nm. The dimensions of GONPs were further characterized using SEM and AFM and are shown in
the Supporting Information Figure A.1.
For embedding GONPs in PA matrix, suspension of GONPs in ethanol was spin-coated after
the W2 step described above. Another PA layer can then be fabricated on the GONPs layer by
using the sequence R1 →W1 →R2 →W2 . In this study, we have fabricated (PA/GO)15 active layer,
in which GONPs layers alternate with the PA layers (Table.2.1). In addition, another sample
(PA15 /GO3 ) was also fabricated, where three layers of GONPs were deposited at the top of 15
PA layers (Table.2.1).
For the embedding of GONPs in PA, the unreacted acyl chloride groups of TMC react with
carboxylic acid groups of GONPs. It is possible that the amine groups of MPD can react with the
hydroxyl and carboxylic acid groups of GONPs. Although such reactions cannot be ruled out, it is
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Table 2.1: Details of the samples synthesized here. The LbL-assembled multilayers are denoted as
Yx, where x is the number of layers and Y is the matrix material such as PA and GONPs
Membrane

Details

PA15

15 layers of PA

(PA /GO)15

15 layers of alternate PA and GONPs

PA15 /GO3

15 layers of PA with 3 layers of GONPs at the top

most unlikely, as no activating agent has been used in our synthesis[98]. This is further investigated
using XPS and FTIR, as discussed below. Most likely, the oxygen-containing functional groups of
GONPs form hydrogen bonds with the amine groups of MPD.
Since it is difficult to use the AFM technique to investigate the fabricated active layer on HPAN
support, alternatively, we have fabricated pristine PA and GONPs embedded PA layers on silicon
wafers (Figure A.2). These layers were then characterized using AFM. It can be safely assumed
that the LbL synthesis on a silicon wafer and HPAN support yield similar microstructure. In
Figure 2.3a, an AFM height image of a PA15 on a silicon wafer is provided. The surface roughness
(Ra ) has been found to be 0.92 nm (Rq ≈ 1.32 nm), which is smoother than the roughness of
the IP-PA reported in the literature[23]. We have also measured the change of layer thickness
with the increasing number of layers. For example, the thickness of PA10 has been found to be
approximately 3-4 nm (Figure A.3). An increase in the thickness of 0.33 ± 0.8 nm per PA layer is
in a good agreement with prior reports [22, 21].

34

Figure 2.4: Morphology of the PA15 layer. a) AFM height image on a silicon wafer, b) SEM surface
image on HPAN substrate, and c) TEM cross-section image.

To investigate the morphology of the fabricated active layers on HPAN, we have utilized SEM.
Figure 2.3b displays the surface morphology of a PA15 sample. The surface appears to be smooth,
similar to that observed from AFM measurement on a PA15 sample on a silicon wafer (Figure 2.3a).
The smooth surface in LbL fabricated PA layer in comparison to IP-PA warrants further discussion.
In the IP process, the diffusivity and solubility of the reactants dictate the formation of a ridge and
valley morphology in the PA layer [33]. In contrast, as discussed previously, the LbL process is not
diffusion controlled and a very thin layer of reactants leads to the smooth surface[38, 103]. The
cross-section of the active layer was further investigated using TEM (Figure 2.3c). In the TEM
image, the PA layer appears to have a homogeneous thickness and smooth surface (Figure A.4).
Similar to the PA15 sample, AFM, SEM, and TEM were used to investigate the GONPs embedded samples. Figure 2.4a shows the AFM height image of (PA/GO)15 . Note that the coverage of
GONPs is not uniform. Also, the GONPs are not flat and found to be folded in some places. Since
the shear-rate in the spin-coating process is low, the GONPs do not become flat and aligned perfectly. Some aggregation has also been observed because of interactions between the GONPs. The
surface roughness also varies slightly at different locations of the sample. For this sample, the Rq
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Figure 2.5: Morphology of (PA/GO)15 layer. a) AFM height image (on a silicon wafer), b) SEM
cross-section image (on HPAN/PE), c) TEM cross-section image (on HPAN/PE), and d) SEM
surface image (on HPAN/PE).
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has been found to be 36.7±0.5 nm (Ra = 29.0±0.7 nm), however, these values change slightly from
sample to sample. Because of the uneven placing of GONPs in PA matrix, the thickness growth
for GONPs incorporated samples (Figure A.5) does not follow the thickness scaling of the pristine
PA. Because of GONPs thickness of 1.1 - 2.6 nm, a slightly thicker membrane was obtained with
the incorporation of GONPs (Figure A.5).
The evidence of embedded GONPs in PA matrix can be found in SEM and TEM cross-sectional
images (Figure 2.4b, c, and Figure A.4). The sample appears to be undulated due to the presence
of GONPs. Furthermore, the SEM surface image of (PA/GO)15 (Figure 2.4d) captures the evidence of GONPs embedded in the PA matrix. The LbL fabricated layer is significantly smoother
than IP-synthesized GONPs/PA reported in the literature [13, 46] attributed to the more controlled
synthesis in the LbL process.
The synthesized membranes and the substrate were further characterized using FT-IR. Figure
2.6 displays the characteristic peaks for the synthesized membranes and the substrate (HPAN/PE).
The peaks at 1664 cm-1 (amide I, C=O stretching of amide), 1543 cm-1 (amide II, in-plane bending and C-N stretching), and 1607 cm-1 (N-H stretching of amide) corroborate that polyamide is
present in all three synthesized membranes, PA15 , PA15 /GO3 , and (PA/GO)15 .
For (PA/GO)15 , there is a slight increase in peak intensity at 1664 cm-1 in comparison to PA15
(also see Figure A.6) suggesting reaction between the carboxylic acid functional groups on GONPs
with PA monomer, i.e., with TMC[13]. In addition, for the same sample, an increase in peak intensity at 1450 cm-1 in comparison to PA15 also indicates possible covalent bond formation between
the carboxylic acid and hydroxyl functional groups of GONPs with the acyl chloride groups of
TMC. The appearance of a new peak at 1728 cm-1 for (PA/GO)15 is related to the C=O stretching
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Figure 2.6: FTIR spectra of synthesized membranes, PA15 , (PA/GO)15 and PA15 /GO3 , and
HPAN/PE substrate.

of aldehyde and ester bonds formed because of the reaction between carboxylic acid of GONPs
and with TMC [110, 93, 111, 65]. Furthermore, FTIR results of HPAN and HPAN/PE (Figure A.7)
corroborates the formation of the PE layer on HPAN.

XPS was used to obtain further information about the composition and various bondings for
the PA and GONPs embedded PA active layers. The full spectrum of the samples and GONPs
with oxygen (532 eV), nitrogen (400 eV) and carbon (285 eV) shown in Figure 2.7 and Table 2.2.
Oxygen, nitrogen, and carbon are the basic elements of the PA layer and GONPs embedded PA.
Figure 2.7a displays the long scan XPS spectra of synthesized GONPs. The XPS spectrum
indicates that the synthesized GONPs contain approximately 29.6% oxidized carbon and 66.9%
graphitic carbon. Figure 2.7b, c, d represents the long scan XPS spectra of synthesized PA15 ,
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Figure 2.7: XPS long scan spectra for a) graphene oxide nanoplatelets powder (GONPs), b) PA15
active layer, c) (PA/GO)15 active layer, and d) PA15 /GO3 .

Table 2.2: Elemental compositions of membranes presented in atomic percentage
Membrane

C%

N%

O%

O/N ratio

PA15

74.2

13.1

12.7

0.97

PA15 /GO3

75.7

10.1

14.2

1.4

(PA/GO)15

73.4

5.6

21.0

3.7
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Figure 2.8: XPS high-resolution spectra of C1s for a) graphene oxide nanoplatelets powder
(GONPs), b) PA15 active layer, c) (PA/GO)15 active layer and d) PA15 /GO3 .
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(PA/GO)15 , and PA15 /GO3 respectively. The elemental compositions of synthesized layers derived
from long scan spectra for different samples are included in Table2.2.
As summarized in Table 2.2, the oxygen content increases with the incorporation of GONPs.
This can be attributed to the presence of oxygen-containing groups on GONPs. For example, the
oxygen content of (PA/GO)15 sample is 21.5%, which is higher than 12.7% observed in PA15 .
Also, the nitrogen content decreases from 13.1% for the PA15 sample to 5.6% for the (PA/GO)15 .
This is expected as GONPs do not contain a significant amount of nitrogen compounds. The
oxygen/nitrogen (O/N) atomic ratio of PA15 is 0.97, corresponds to the fully crosslinked polyamide
[121, 61]. The O/N ratio increases with GONPs incorporation because of the presence of oxygen
functional groups in GONPs.
We also investigated the high-resolution scan (HRs) of GONPs and different samples. Figure
2.8 and Table A.1 summarize the C1s binding energy peaks and the corresponding species for
GONPs and different samples. For the GONPs powder (Figure 2.8a), the carbon peaks appeared
at 284.9 eV (C-C bond, 39.1%) [69], 287.1 eV (C-OH, C-O-C bonds, 23.1% )[144] and 288.7 eV
(COOH bond, 6.2%)[43]. The carbon peaks for PA15 (Figure 2.8b) appear at 284.6 eV (C-C bond,
54.9%), 285.7 eV (C-O, C-N bonds, 10.4%) [50, 54, 19] and 287.9 eV (O=C-N, O=C-O bonds,
6.9%) [43]. With the incorporation of GONPs, i.e., for the (PA/GO)15 sample (Figure 2.8c), C1s
peaks appeared at 284.5 eV (C-C bond, 35.7%), 285.0 eV (C-O, C-N bonds, 31.3 %),[19] 287.3 eV
(C=O bond, 6.9%), [75] and 288.5 eV (O=C-N and O=C-O bonds, 2.3%)[78]. For the PA15 /GO3
sample (Figure 2.8d), the C1s peaks appeared at 284.5 eV (C-C bonds, 45.6 %), 285.4 eV (C-O or
C-N bonds, 21.8 %), and 287.9 eV (O=C-N, O=C-O bonds, 6.9 %).

41

Based on XPS results, it has been found out that GONPs form covalent bondings with the
TMC molecules, i.e., the acyl chloride groups of the TMC react with oxygen-containing functional
groups of GONPs (i.e., carboxylic, hydroxyl) (Figure A.8)[56]. We have not found clear evidence
of covalent bonding between GONPs and MPD. Therefore, it can be hypothesized that the GONPs
form hydrogen bonding with MPD molecules.

Figure 2.9: Surface characterization of the synthesized membranes. a) The water contact angle
for the membranes considered here. Photomicrographs of 20 µL of DI water on the membrane
surfaces are shown. b) Changes of zeta potential of three different types of synthesized membranes
as a function of solution pH.

Because of the oxygen-containing functional groups, GONPs are typically hydrophilic. Therefore, the effect of incorporation of GONPs on the membrane surface hydrophilicity was evaluated by measuring the water contact angle. As presented in Figure 2.9a, commercial membrane
(SW30HR) displays a contact angle of 65±2◦ , which is relatively hydrophobic. For the LbL assem42

bled PA15 , the contact angle is approximately 60±2◦ , lower than values reported in the literature
for the IP-PA layer (≈ 70-80◦ ) [55, 14, 57]. Incorporation of GONPs in the membranes resulted in
an increase of hydrophilicity, as evident from the decrease in water contact angle to 34±1.5◦ for
(PA/GO)15 and 20±5◦ for the PA15 /GO3 samples. This trend is expected as the surface of PA15 /GO3
possess higher GONPs coverage leading to the lowest contact angle. Membranes with hydrophilic
surfaces are beneficial as these surfaces facilitate the movement of water molecules towards the
membrane surface along with repelling the hydrophobic foulants[81][30].
The zeta potential values of the synthesized membranes were determined to evaluate the effect
of GONPs incorporation on the surface charge of the membrane samples. Figure 2.9b displays the
changes in zeta potential for PA15 , (PA/GO)15 , and PA15 /GO3 membranes as a function of solution
pH. All three membranes display a similar trend with changing pH and have positive surface energy
at low pH values of 3-4, which is likely due to the presence of primary and secondary amine
groups in the PA layer [104, 121, 74]. The synthesized membranes possess negative zeta potential
values at the neutral and alkaline pH values. This is likely due to the presence of amide linkages
formed during polymerization with MPD monomers [47]. The (PA/GO)15 and PA15 /GO3 have
slightly more negative charges compared to the PA15 . The reaction between the carboxylic acid
and hydroxyl functional groups on GONPs with acyl chloride groups of PA leads to an increase in
the occurrence of carbonyl groups. This also attributes to the slightly more negative zeta potential
of the membranes embedded with GONPs.
In the next step, the performance of these synthesized membranes was investigated using a labscale dead-end cell and the results are presented in Figure 2.10. The PA15 sample exhibits NaCl
rejection of 89.3± 2.6 % and a water flux of 13.9 ± 1.2 L/m2 .hr. Salt rejection for (PA/GO)15
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Figure 2.10: a) Water flux, and b) salt rejection performance of fabricated membranes before and
after chlorination. Solid bars indicate the results before chlorination and patterned bars represent
that after chlorination. For all experiments, 400 psi of pressure and 2000 ppm NaCl aqueous feed
solution were used. The error bars represent one standard deviation. The stars indicate results are
statistically different compared to PA15 , as determined by one-way ANOVA and student’s t-test.
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increased to 92.5±1.9 % and water flux decreased slightly to 13.0±0.9 L/m2 .hr. The sample with
GONPs on the top PA15 /GO3 displayed a salt rejection of 91.7±1.5 % and a water flux of 13.6±0.5
L/m2 .hr. The water flux values are not statistically different, but the salt rejection values are (see
appendix A). Durability of the synthesized membrane was tested for an extended duration, as high
as 10 hours (Figure A.9). The active layer has been found to be stable, therefore, it is tightly
bounded to the PE layer and HPAN.
Note that the performance metrics from the dead-end cell can be lower than that obtained using
a cross-flow system reported elsewhere [139, 7, 128, 109]. In the dead-end cell, the accumulation
of solutes on the membrane surface leads to concentration polarization effect which likely reduces
the flux and salt rejection[128].
Our results demonstrate a similar amount of water flux through the GONPs containing membrane in comparison to the pristine membrane, with a small improvement of selectivity. Our results
have similarities to that reported by Hu et al. [51]. A small enhancement of selectivity with the
incorporation of GONPs has also been reported in the literature [48, 13].
The chlorine resistant properties of the membranes have been also tested. Figure 2.7 displays
the membrane performance after those were soaked in a chlorine solution for 1 h. In general, salt
rejection decreases and water flux increases with chlorine treatment but the change has not been
the same for all samples. The maximum change was observed for PA15 , where water flux of the
sample increased almost 3 times to 45.2 ± 1.6 L/m2 .hr in comparison to the untreated sample,
while exhibiting a drastic reduction in salt rejection to 53.6 ± 8.4 %. The increase in flux was
relatively lower in the GONPs containing samples and the salt-rejection property was preserved
better. For the (PA/GO)15 sample, water flux increased to 35.4 ± 2.7 L/m2 .hr after chlorination,
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while exhibiting approximately 10 percentage point drop in the salt rejection to 79.3 ± 5.3 %.
Similar flux of 35.9 ± 5.2 L/m2 .hr was obtained for chlorine treated sample of PA15 /GO3 , while salt
rejection was somewhat lower, 65.7 ± 12.4 %, in comparison to (PA/GO)15 , however, significantly
higher than the pristine PA15 membrane. Both salt rejection and water flux values upon chlorination
are statistically different than that obtained without chlorination.
Degradation of the PA layer in RO membranes because of chlorine treatment leading to an
impaired performance is a known problem [52]. It has been hypothesized that the degradation of
PA takes place through the N-chlorination mechanism, where the hydrogen of the amide group is
substituted by chlorine[117]. The deterioration of performance in the (PA/GO)15 sample is lowest.
The GONPs retard the OCl- ions, which are larger than the NaCl salt ions, from diffusing toward
the PA layer. The GONPs can also deter the disintegration of PA layers by providing support. In
addition, as discussed above, H-bonding exist between the amide bond of the PA layer and GONPs.
Therefore, the amide bonds are likely protected from the chlorine ions[48].
Our results also indicate the GONPs embedded PA layers are more chlorine resistant than the
membranes with GONPs solely as the top layer. As shown above, the PA15 /GO3 sample is not
completely covered with GO. Therefore, the OCl- ions degrade the portion of the PA layers not
covered with GOs, therefore the performance is this membrane is somewhat in between the PA15
and (PA/GO)15 membranes.
Further, we have tracked the performance of our membranes as a function of collected permeate and the results for the (PA/GO)15 sample before and after chlorine exposure, which is shown
in Figure 2.11. We are reporting the salt rejection data for each 15 g of collected permeate, therefore, these experiments were conducted for a duration of as high as 3-4 h. These experiments
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Figure 2.11: Water flux and salt rejection as a function of time for the (PA/GO)15 samples before
and after chlorination(red indicates results before chlorination and blue indicate that after chlorination, solid lines represent water flux and dashed lines represent salt rejection ).
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allow us to evaluate the change in membrane performance over time or permeate volume collection. For non-chlorinated samples, the flux changes slightly in the beginning but then reached
a steady-state over the duration of the experiment. Correspondingly, the salt rejection increases
slightly. Upon chlorination, the water flux increases gradually and salt rejection decreases but
has reached a steady-state. The change in flux and salt rejection can be attributed to the removal
of degraded components with time. However, as indicated above, this membrane maintains the
salt-rejection ability upon chlorination better than pristine, non-GONPs containing membranes.
Therefore, GONPs protect the membranes from degradation upon chlorination.

Figure 2.12: Proposed microstructure of GONPs embedded membrane obtained via LbL assembly.
The blue solid lines represent water transport through PA matrix and blue dotted lines display the
same through the interlayer spacing between two graphene nanoplatelets.

The proposed microstructure of GONPs embedded PA layer is shown in Figure 2.12. Based on
the SEM, TEM, and AFM studies, we can hypothesize that the GONPs are distributed throughout
the thickness, and are folded and stacked in a few locations. However, the nanoplatelets are better
oriented than the membranes prepared by IP. At this stage, it is difficult to hypothesize conclusively, whether the water molecules pass through the interlayer spacing of GONPs (nanochannel
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defined above), as proposed in the simulation studies. However, our experimental results do not
provide evidence of high flux. Further, if such transport through nanochannel takes place, the water
molecules still need to pass through the PA matrix. The transport behavior of PA matrix will then
dictate the flux through the membrane (rate-limiting process). In this study, we have hypothesized
that water flow was through both nanochannels (dotted lines, Figure 2.12 ) and through the PA matrix (blue lines, Figure 2.12). This will be further investigated in a future study, where the GONPs
and PA content will be varied systematically. Furthermore, we believe that the increase in flux in
the interfacially polymerized GONPs containing membranes reported in the literature is likely due
to water flow through the agglomerated GONPs layers.

2.4

Conclusion
LbL technique is a promising modular method for synthesis of the active layer for membranes.

In this work, we have demonstrated that GONPs can be successfully incorporated into the PA
matrix via LbL method. GONPs were embedded in membranes via LbL assembly in various
configurations such as alternating layers of GONPs and PA, and GONPs at the top of the PA
layer. Presence of GONPs on these membranes has been verified using SEM, AFM, and TEM.
Incorporation of GONPs results in increasing hydrophilicity of the samples, as determined by
measuring water contact angle. The salt rejection value of (PA/GO)15 is higher than the pristine
membrane PA15 , while the water flux remains similar. The incorporation of GONPs in PA matrix
enhance chlorine-resistance property of synthesized membranes. We hypothesized that the water
transport happens through the interlayer spacing between two graphene nanoplatelets and the PA
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matrix, while the transport through PA dictates the flux. The GONPs containing membranes also
display improved chlorine resistance properties compared to pristine membranes.
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CHAPTER 3
CROSSLINKED CARBONIZED POLYMER DOTS MEMBRANES FOR ORGANIC
SOLVENT NANOFILTRATION

3.1

Introduction
Membrane technology has succeeded in consuming lower energy compared to any other sepa-

ration methods which require evaporation and distillation[63]. Commercial membranes with different pore sizes are already being used for many size-selective separation applications, ranging
from water desalination through reverse osmosis process to bioseparation, and many new applications have been envisioned. [108, 91, 129, 42] Specifically, organic solvent nanofiltration (OSN)
is an emerging area of application because of its promise of lower energy consumption in comparison to other separation methods such as distillation[63, 49]. Although membrane technology
has been adapted as a more environmentally friendly approach toward separation applications in
organic matters, more stable and efficient membranes are demanded in industry. The interactions
between the organic solvents and the membrane active layer and porous support leading to swelling
and degradation pose challenges for the rapid deployment of commercially available reverse osmosis and nanofiltration membranes for OSN applications [59]. Thus, the development of custom
membranes is necessary by introducing new chemistries for the active layer, which then can be
combined with a suitable support layer [99]. Among many strategies, hybrid active layers consisting of polymers and inorganic nanomaterials are being investigated, as these can have better
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mechanical properties and can also be rendered compatible with a wide range of organic solvents
[147, 82, 96, 106].
As the OSN process typically involves smaller organic molecules, a dense network with a small
pore size is necessary. Such a dense network can be found in commercially available thin-film composite (TFC) membranes, for example, polyamide membranes, which have been investigated for
the OSN applications. [105, 60]. Commercial available thin-film composite (TFC) membranes for
organic separation applications, are comprised of a highly cross-linked polyamide (PA) selective
layer on a solvent-stable porous polymeric support [99]. The key component of TFC membranes
for separation of dye molecules and solvents, is PA layer (active layer). The active layer of current
TFC membranes are made by the interfacial polymerization (IP) technique [18]. In the IP process,
a porous polymeric support is being immersed in an aqueous diamine solution and then an organic
triacid chloride solution, respectively. The active layer forms by polymerization reaction happening at the water-oil interface. PA layer thickness, roughness, and surface functionality which are
considered as extrinsic properties alongside with the polyamide layer intrinsic properties such as
chemistry, molecular topology, and molecular homogeniety (intrinsic properties), have a significant effect on the permeability and selectivity of the TFC membranes [22]. Although the IP process
is traditionally specified for PA layer synthesis for commercial TFC membranes due to it’s potential to be expanded in larger scales for manufacturing, the IP-PA is not qualified as an ideal active
layer where the extrinsic and intrinsic properties of PA layer is independent of IP process variables.
IP process has yet not been successful in controlling one PA layer property without affecting the
other property which leads to formation of a PA layer where its surface roughness, homogeniety
of the network structure, and chemical functionality have not been precisely modulated [22].
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Recently, the layer-by-layer (LbL) assembly which was first introduced by Gu et al. for fabrication of polyamide layer to overcome some of the limitations of IP for TFC membranes fabrications
[43, 22]. Using LbL assembly simplifies the approach toward controlling the PA layer thickness,
molecular structure and surface roughness parameters. The LbL process involves sequential reactions of a diamine and a triacid chloride for formation of a highly crosslinked and dense PA network
[43]. LbL assembly facilitates using alternative materials as building blocks for formation of novel
crosslinked rigid networks since the process is not limited to specific solvents [43]. The most commonly used monomers to produce PA (active layer) of TFC membranes are m-phenylenediamine
(MPD) and trimesoyl chloride (TMC). LbL assembly can facilitate the process of seeking new
materials for active layer formation of TFC membranes to enhance and optimize the molecular
structure and chemistry of TFCs active layer [106, 136, 8, 131, 76].
Here, we report a hybrid, organic-inorganic membrane active layer obtained by crosslinking
functionalized carbon nano dots (CNDs) and trifunctional acyl chloride, viz., trimesoyl chloride.
To synthesize the active layer, a layer-by-layer (LbL) technique has been adopted. Because of the
modularity and flexibility, the LbL process can facilitate the development and optimization of new
chemistry and improvement of the established chemistry toward better performing TFC membrane
active layers [106, 136, 8, 131, 77].
Further, the LbL strategy allows one to prepare membrane active layers on any substrate of
choice, which then can be made free-standing, if necessary. In our case, we have synthesized
active layer on hydrolyzed PAN (HPAN) substrate in obtaining a functional membrane. In addition,
a mechanically stable, free-standing nanofilm was also obtained and was transferred on an HPAN
substrate. In both cases, we have shown that the active layer can efficiently separate organic dye
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molecules from various organic solvents. We have considered HPAN as the support layer, as it has
adequate chemical stability to withstand the organic solvents used in the fabrication method and
filtration tests [66, 45].
Nanomaterials such as graphene and graphene oxide nanoplatelets (GNPs and GONPs) and
carbon nanotubes (CNTs) are increasingly being incorporated in various membranes. These can
improve membrane performances and, at the same time, render additional functionalities, for example, enhanced fouling and chlorine resistance of graphene containing desalination membranes
[4, 1, 148, 53]. Although beneficial, GNPs, GNOPs, and CNTs are much larger than the pore sizes,
therefore, precise control of membrane nanostructure is difficult. To circumvent this, we consider
spherical CNDs having dimensions much smaller than other carbon nanomaterials enabling further
control of the membrane structure and properties [122, 146, 66]. In addition, CNDs are attractive
because of their low-cost synthesis method, facile functionalization, aqueous solubility, photoluminescent properties, and low toxicity [111, 102, 17, 76].
In this work, fluorescent CNDs with loadings of amine functional groups were obtained using solvothermal synthesis method from MPD delivering the synthesized nanoparticle as a great
potential in fabrication of high performance nanocomposite membranes [132, 142].
The experimental set for CNDs synthesis is schematically illustrated in Fig. 3.1-a where the
solution of MPD in ethanol was heated at 180 ◦ C for 12 hours inside a PTFE lined autoclave [132].
Typically, the CND synthesis in this method has an amorphous carbon framework and a surface
coated with nitrogen-containing functional groups [14]. This method allows us to synthesize CNDs
in a large quantity in an inexpensive one-step process. The synthesized CNDs has an average
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diameter of approximately 10 nm according to transmission electron microscopy (TEM) (Fig. 3.1b,c) and zeta potential studies.

3.2 Method and Materials
3.2.1 Chemicals and Materials
The following materials were used as received from Sigma-Aldrich: branched polyethyleneimine
(PEI) with a molecular weight of 750,000 g/mol, poly(acrylic acid) (PAA, 35 % in H2O) with a
molecular weight of 100,000 g/mol, m-phenylenediamine (MPD) with 99 % purity, trimesoyl
chloride (TMC) with 98 % purity, Brilliant Blue R (pure, 825.97 g/mol, negative charge), Disperse
red 1(Dye content 95 %, 314.34 g/mol, neutral), sodium sulfate (Na2SO4), and calcium chloride
(CaCl2). The following solvents were purchased from Fisher Scientific: toluene, acetone, ethanol,
n-hexane, methanol, and isopropanol. Molecular sieves (3Å, Acros Organics) were used to dehydrate toluene and acetone. Deionized (DI) water with resistance of 18.2 M Ω.cm from Millipore
milli-Q purification system was used for all experiments. Silicon wafers (single-side-polished
(SSP), <100> orientation, type-P, dopant-B, 25.4 and 50.8 mm diameter) were purchased from
University Wafers. A polyacrylonitrile support (PAN50) was purchased from Sepro Membranes
Inc. Aluminum oxide membrane filters of diameter 25 mm with pore size 200 nm were purchased
from Sterlitech Inc. and used as a supports for scanning electron microscopy (SEM). Flat sheet
commercial membranes were purchased from Dow FILMTEC (SW30HR).

3.2.2 Characterization methods
3.2.2.1 Scanning electron microscopy (SEM)
The morphology of nanofilms fabricated was investigated by using a high-resolution SEM,
JOEL 6500 field emission. The freestanding nanofilms were transferred onto AAO or HPAN
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supports for SEM imaging. For cross-sectional images, thin film membranes were prepared by
freeze-fracturing in liquid nitrogen and subsequently drying in the air. Samples were sputter-coated
with platinum (15 nm thickness) before SEM imaging. The thickness measurements of nanofilms
were analyzed from cross-sectional SEM views using ImageJ software. The freestanding CNDs
nanofilm was placed on a carbon tape using a lasso as shown in Fig. 3.1-f. To obtain Figure 2h,
the synthesized TFC membrane (nanofilms directly synthesized in HPAN) was freeze-fractured in
liquid nitrogen followed by peeling the CNDs layer from HPAN using a double-sided tape. The
peeled CNDs layer was then placed on a carbon tape for SEM imaging.

3.2.2.2

Transmission electron microscopy (TEM)

The morphology of synthesized CNDs and CNDs nanofilms was investigated using TEM,
JEOL 2100, operated at 200 kV. Few drops of a dilute CNDs solution in toluene were drop-casted
on a copper grid for TEM imaging. A small piece of freestanding nanofilm was transferred to a
copper grid for TEM characterization.

3.2.2.3

Atomic Force Microscopy (AFM)

The fabricated films on silicon wafers were characterized using AFM microscope (Dimension
Icon with ScanAsyst) to measure the thickness and surface roughness values. A sampling resolution of 512 points per line and a speed of 1 Hz were used. Bruker ’Nanoscope Analysis’ analysis
software was used to measure surface roughness and film thickness. Surface roughness is presented as average roughness (Ra ), root-mean-square roughness (Rrms ). The freestanding nanofilms
were formed on oxidized silicon wafer for thickness measurements using AFM. The sample was
scratched using a razor blade, and the change in height from the film surface to the bare wafer
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surface is reported as nanofilm thickness. Gwyddion 2.38 SPM data visualization software was
used to process the AFM images (Figure 2f).

3.2.2.4

Contact angle measurement

Surface wettability of the synthesized nanofilms was investigated using water contact angle
measurements with a drop shape analysis system (DSA 100, KRUSS, Germany). A drop of water
(about 25 µl) was deposited on the membrane surface. A drop of water (about 25 µl) was deposited
on the membrane surface. The contact angle was measured using a circle fitting method by ImageJ
software. The average value of contact angles with standard deviation are presented.

3.2.2.5

X-ray photoelectron spectroscopy (XPS)

The carbon nano-dot nanofilms were synthesized on oxidized silicon wafer for XPS characterization. Integrated microscopy center, university of Memphis, provided the X-ray photoelectron
spectroscopy (XPS) study. The XPS analysis was performed using a thermo scientific K-Alpha
XPS system equipped with a monochromatic X-ray source at 1486.6 eV, corresponding to the Al
Kα . A spot size of 400 µm2 was used. Measurements were conducted in the Constant Analyzer
Energy mode. The survey spectra were collected at a pass energy of 200 eV over a range of 0-1300
eV. The high resolution (HR) core spectra were collected at a 40 eV pass energy and an energy
step size of 0.1 eV, and using an average of 20 scans. HR scans of C1s, O1s, and N1s have also
been conducted. XPS data processing was performed using ”CasaXPS”.
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3.2.2.6

Ultraviolet-visible (UV/Vis) spectroscopy

An Agilent 8510 UV/Vis spectrometer was used to record the absorption spectra of dye solutions. Solutions were loaded to 1 mm path length quartz cells. A calibration curve was obtained to
predict the concentration of the dye solution by conducting its absorption spectra.

3.2.3

Filtration Experiments

The organic solvent permeance and dye rejections (R%, in methanol) were conducted in a
lab-scale dead-end system at room temperature. The system contained a pressure feed vessel
where compressed nitrogen was used to apply the pressure to feed vessel [135]. Data reported was
collected after a 0.5-hour operation. For the DF-CNDs, 20 bar pressure was used and for FS-CNDs
10 bar pressure was used. For dye rejection studies, brilliant blue (BB) and disperse red (DR) dye
solution in methanol with a concentration of 20 mg/L was used.
The rejection value was calculated from the UV-vis absorption peak in the feed and permeate.
The calibration plots for BB and DR were developed by relating peak intensity and their known
concentration in methanol. In addition to BB and DR, solutes of CaCl2 and Na2SO4 were used
in aqueous solutions for plotting the rejection against molecular weight. Equation 2.1 shows the
rejection (R) calculation

R = (1 − Cp /Cf ) × 100%

(3.1)

where Cp and Cf were the dye concentrations in the premeate and feed respectively. The dye
concentrations were quantified by UV-vis. The solvents flux was determined by equation 2.2 where
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Jw is solvent flux which can be calculated based on the volume of permeate (V) over time (t) and
the membrane effective area (A)

Jw = V /t.A

(3.2)

3.2.4 Experimental
3.2.4.1 Carbon Nanodots (CNDs) Synthesis
For CNDs synthesis, 5 grams of m-phenylenediamine was dissolved in 500 mL of ethanol.
Then the solution was heated inside a PTFE lined autoclave (Tefic Biotech Co., China) at 180 ◦ C
for 12 hours [132]. Afterward, the solution was cooled down in ambient temperature. In the next
step, the solution was centrifuged (30 minutes, 4000 rpm) for 4 cycles, and CNDs were collected
as supernatant. The collected supernatant (CNDs) was then dried overnight using a freeze drier.
The synthesized CNDs were characterized by FTIR, XPS, TEM to investigate the physical and
chemical properties

3.2.4.2

Preparation of Freestanding CNDs Nanofilm

The freestanding CNDs nanofilm was fabricated via the layer-by-layer method. First, a silicon
wafer was washed and sonicated for 5 minutes in acetone, methanol, and isopropanol, sequentially.
Then, the silicon wafer was treated by ultraviolet ozone (UVO) for 25 minutes to oxidize the
surface of silicon wafers. Aqueous polyacrylic acid solution (PAA, 17.5 wt. %) was deposited
on the wafer using a spin coater at 500 rpm for 45 seconds and then at 2000 rpm for 20 seconds.
Then, the sample was placed on a hot-plate at 120 ◦ C for 5 minutes. An air-gun was used to ensure
the PAA layer dries. The water-soluble PAA layer was utilized as a sacrificial layer. Next, for the
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fabrication of CNDs nanofilm, 1.0 wt. % solutions of TMC and 1.0 wt. % CNDs in toluene were
prepared. The CNDs solution was sonicated for 90 min prior to use. First, CNDs solution was
deposited using a spin coater. This was followed by a washing step with dry acetone. Next, the
TMC solution was deposited, followed by a rinse step with dry toluene. After deposition of the
reactants and solvents, a 40 s wait time was provided and was then spun-coated for 20 seconds
at 2000 rpm. [2] One layer of the active layer was formed by depositing one cycle of CNDs and
TMC along with the wash steps. In this study, 30 layers of the active layer were synthesized. After
the preparation of the nanofilm on a silicon wafer, the silicon wafer was immersed in water. The
sacrificial PAA layer dissolved in water and nanofilm gradually went to the water surface.

3.2.4.3

Preparation of CNDs films directly on HPAN substrate (DF-CNDs)

The DF-CNDs membrane was fabricated by forming crosslinked CNDs films on the PAN substrate. First, a PAN50 membrane with 14.6 cm2 area was hydrolyzed in 2.0 M NaOH aqueous
solution for 2.0 h to introduce -COOH groups on the PAN surface. In the next step, a polyelectrolyte (PE) layer was prepared by the LbL method. The PE layer was formed by depositing
cationic and anionic aqueous solutions sequentially. For the cationic solution, an aqueous solution
of 0.1 wt % polyethyleneimine (PEI, Molecular weight= 750,000 g mol-1) which contains 0.5 M
NaCl (PH=10.6) was used. For anionic solution, an aqueous solution of 0.1 wt. % polyacrylic acid
(PAA, Molecular weight= 100,000 g/mol) which contains 0.5 M NaCl (PH=3.6) was used [22].
DI water was used as a wash step. Three PE layers were formed for this study. CNDs solution
was sonicated for 90 min prior to use. Solutions of CNDs and TMC were used for two reaction
steps in spin coating deposition. Dry toluene and acetone were used as rinse steps in the deposition
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cycle. One LbL deposition cycle of reactants and solvents in spin coater consist of : first, depositing CNDs solution followed by a wash step using acetone. Then, TMC solution was deposited
followed by a wash step using dry toluene. One layer of active layer was formed by depositing
one cycle of CNDs and TMC along with wash steps. In this study, 30 layers of active layer was
synthesized.

3.3

Results
CNDs were synthesized here by using a solvothermal synthesis method from m-phenylenediamine

(MPD), where MPD in ethanol was heated at 180 ◦ C for 12 hours inside a PTFE lined autoclave
(Figure 3.1-a) [132, 142]. This method allows us to synthesize a large quantity of CNDs in an
inexpensive one-step process [122]. Typically, the CND synthesis in this method has an amorphous carbon framework and a surface coated with nitrogen-containing functional groups [14].To
characterize the CNDs further, TEM was used (Figure 3.1-c) and spherical morphology of synthesized CNDs is evident from a larger CND particle shown as an inset in Figure 1c. The synthesized
CNDs are of the order of 10 nm, as captured by TEM. Because of the amine functional groups, the
CNDs can react with the highly reactive acyl-chloride groups in TMC, leading to the formation
of a three dimensional tightly crosslinked network structure. CNDs can be a potential booster for
separation membranes by providing selective transport cites and enhancing membrane mechanical
properties. The CNDs synthesized here are photoluminescent and the bright cyan color of CNDs
solution under UV light is shown in (Figure 3.1-b). This fluorescence nature of CNDs is beneficial
for diagnostic purposes, particularly for crack determination, and capturing the level of fouling in
membranes.
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Figure 3.1-d illustrates a schematic of CNDs thin film synthesis by using a layer-by-layer (LbL)
framework by covalently crosslinking trimesoyl chloride and CNDs. The LbL fabrication has been
conducted either on a silicon wafer with a polyacrylic acid (PAA) layer or HPAN support with a
polyelectrolyte (PE) layer. The PAA and PE layers have been considered as mid-layer or interlayer,
as those are sandwiched in between the active layer and the substrate. Three layers of PAA was
spun coated on a UVO treated silicon wafer using a 17.5 wt.% aqueous PAA solution. The use of
PAA as a sacrificial layer is beneficial since it can be conveniently deposited using spin coater and
the resulting layer can be removed with water, therefore, the use of organic solvents is minimized
[79]. The CNDs containing nanofilm was synthesized on top of the PAA layer by alternatively
depositing CNDs and TMC solutions in toluene. Acetone and toluene were used in the wash
steps after the deposition of CNDs and TMC, respectively [22]. The four deposition of CNDs ,
acetone, TMC, and toluene results in formation of one PA layer. Herein, we deposited 30 layers
of PA to fabricate the CNDs nanofilm. The acyl chloride functional groups of trimesoyl chloride
react with the amine functional groups of CNDs. After the required numbers of layers are formed,
the silicon wafer with the synthesized film was immersed in a water bath [27]. The PAA layer
dissolved in water and CNDs nanofilm become floating on water (Figure 3.1-e, Figure B.1). This
free-standing nanofilm is mechanically stable and can be transferred on a lasso (Figure 3.1-f) or
on HPAN substrate for OSN applications. Transferred free-standing CNDs nanofilm on HPAN is
called FS-CNDs throughout the text.
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Figure 3.1: Synthesis of carbon nano dots (CNDs) and crosslinked thin films. a) Schematic of
CNDs synthesis; b) Image of synthesized CNDs solution under regular and UV (wavelength: 365
nm) lights; c) TEM image of CNDs; d) Magnified TEM image of one CND; e) Schematic of layerby-layer synthesis process of thin films where CNDs are connected by trimesoyl chloride (TMC).
Layers of CNDs and TMC were deposited sequentially on a substrate via spin coating. Acetone
and toluene were also used to wash the excess reactants. e) Free-standing CNDs nanofilm floating
on water; g) Freestanding CNDs nanofilm on a lasso; h) Thin film fabricated on a HPAN support
(DF-CNDs) for separation application.
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For the direct formation of crosslinked CNDs films on HPAN, a polyelectrolytes (PE) layer
was deposited on the HPAN surface. The fabrication of the PE layers involves the alternative
deposition of polyethyleneimine (PEI) and polyacrylic acid (PAA) aqueous solutions [1]. The PE
layer covered the porous HPAN rough surface, prevented the monomer solutions from penetrating
into the porous substrate during the LbL process [24]. Further, this layer provides good adhesion
between the thin film and the substrate via electrostatic forces. The PE layer is relatively permeable
and does not attribute to separation [27]. The directly formed CNDs thin film on HPAN containing
PE layer is called DF-CNDs throughout the text. The DF-DPDs has been directly investigated for
OSN applications (Figure 3.1-g).
The microstructure of the LbL-assembled CNDs thin films is shown in Figure 3.2. The scanning electron microscopy (SEM) image of free-standing nanofilm presented in Figure 3.2-a captures the film thickness of ≈150 nm. The mechanical robustness of the free-standing nanofilms
allows us to conduct the SEM on this sample. The film surface appears to be smooth (Figure 3.2-b
). Further, the morphology of free-standing CNDs nanofilms was investigated using TEM, and the
presence of spherical CNDs in the nanofilm has been captured clearly (Figure 3.2-c).
Atomic force microscopy (AFM) was further used to verify the sample thickness and to investigate the surface morphology of the nanofilm. Figure 3.2-d, e presents AFM image of 30-layer
nanofilm on a silicon wafer where a portion of the film was removed by scratching with a razor.
The difference in the heights between the bare wafer and nanofilm provides a thickness of ≈150
nm, similar to that obtained using SEM (Figure B.2). Figure 3.2-f displays the 3D AFM image of
the sample, capturing the sample roughness at the nanoscale, which could not be captured using
SEM From the AFM height image of CNDs nanofilm, the surface roughness has been estimated as
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Rq≈ 72.7 nm (Ra ≈ 58.9 nm, Rmax≈ 294.0 nm). Due to the variation of CNDs sizes and possible
agglomerations of carbon nano dots on the surface of nanofilm, the surface smoothness was rather
higher than the other LbL synthesized films, as reported previously for LbL synthesized polyamide
films [1].
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Figure 3.2: CNDs thin film microstructure. a) SEM of free-standing CNDs nanofilm cross-section;
b) SEM of free-standing CNDs nanofilm surface; c) TEM of free-standing CNDs nanofilm transferred on carbon grid (the inset shows the zoomed image); d, e) Thickness measurements of CNDs
nanofilm synthesized on silicon wafer acquired using AFM. The sample was scratched via a razor
blade and difference in heights between the bare wafer and nanofilm surface is considered as the
sample thickness (e); f) AFM 3D height profile of CNDs nanofilm on a silicon wafer; g) SEM
cross-sectional view of DF-CNDs (the inset shows the zoom-in image); h) SEM of backside of
a pealed CNDs thin film from DF-CNDs substrate (the inset shows the zoom-in view); i) SEM
surface image of DF-CNDs.
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Figure 3.2-g shows the SEM image of DF-CNDs, and the thickness of CNDs thin film has been
estimated to be ≈1 µm. Further, the CNDs thin film was peeled from the HPAN/PE substrate, and a
SEM image of the backside of the thin film (Figure 3.2-h) captures an imprint of the porous HPAN
structure. Figure 3.2-i shows the SEM surface morphology of DF-CNDs. We hypothesize that the
smoothness and homogeneity of the substrate play an important role on the thickness growth for the
LbL process. Since the surface of the silicon wafer with PAA layer is considerably smoother than
that on the HPAN/PE, the deposition of CNDs and TMC was more even. Further, less aggregation
of CNDs and the associated entrapment of reactants led to a thinner film.
The contact angle of CNDs nanofilm is measured (Figure B.3) as 50± 2 ◦ , indicating the
hydrophilic nature of the nanofilm. This hydrophilicity of our nanofilm can be related to the amine
groups of the CNDs [130].
X-ray photoelectron spectroscopy (XPS) was utilized to capture the composition of CNDs and
CNDs containing nanofilms. The long scan XPS spectrum of CNDs powder shows three distinct
peaks at 285.0 eV (C1s, 73.4%), 399.3 eV (N1s, 19.1%), and 532.1 eV (O1s, 6.8%). The C1s
deconvolution of CNDs display three distinct peaks at 284.1 eV (C-C/-C-H), 285.3 eV (-C-N), and
286.5 eV (C-O-H bond) (Figure B.4-b) [45, 53, 142, 141]. For CNDs nanofilm, the XPS long scan
spectra shows three peaks at 285.1 eV (C1s, 74.9 %), 400.1 eV (N1s, 12.6%), and 531.9 eV (O1s,
12.4%). Upon reaction of amine groups of CNDs with TMC acyl chloride groups and formation of
amide bonds, the amount of oxygen increases in the CNDs nanofilm compared to CNDs powder.
For CNDs nanofilm, the C1s deconvolution of CNDs nanofilm displays three distinct peaks at
284.5 eV (C-C/-CH), 285.6 eV (C-N) and 287.9 eV (O-C=O/O=C-N) (Figure B.4-d) [141, 101].
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C1s deconvolution results of CNDs nanofilm confirms the reaction of TMC acyl chlorides to
the CNDs amine/hydroxyl functional groups leading to the formation of O=C-N/O-C=O groups.
This is further investigated using FTIR.
FTIR spectra of the CNDs powder and DF-CNDs membrane over the wavenumbers of 4500700 cm-1 are presented in Figure B.5 . In this wavenumber region, the peak at 1582 cm-1 is
attributed to the N-H stretching vibrations for CNDs powder, confirming the presence of nitrogencontaining functional groups on the CNDs [63, 115, 10].
With the formation of CNDs thin film, the FTIR of DF-CNDs shows a band around 1541 cm-1
which is ascribed to the N-H in-plane bending of amide II [87]. The band around 1606 cm-1 is
attributed to the C=O stretching vibrations (carbonyl group) [115]. The band around 1657 cm-1
is attributed to the C=O stretching vibrations (amide I) [1]. The amide bond formation further
supports our conclusions of chemical reactions between TMC with CNDs.
The selectivity and permeability of FS-CNDs and DF-CNDs were tested in a lab-scale deadend cell system with different organic solvents. For the FS-CNDs, the pure solvent flux values
for four organic solvents, methanol, ethanol, isopropanol, and toluene are summarized in Figure
3.3-a. Methanol has the highest flux of 23 L m-2 h-1 followed by ethanol (flux= 17 L m-2 h-1),
isopropanol (flux = 8 L m-2 h-1), and toluene (flux = 4 L m-2 h-1).
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Figure 3.3: Organic separation performances of CNDs membranes. a) Solvent flux against the
combined solvent properties (viscosity, molar diameter, and solubility parameters) for FS-CNDs;
b) Dye rejection plot for FS-CNDs. Ultraviolet-visible absorption spectra of c) disperse red 1
(DR), and d) brilliant blue (BB) dye in methanol for feed solutions and permeate. Here, permeate
spectra for FS-CNDs is denoted as ”permeate FS”, whereas, that for the DF-CNDs as ”permeate”.
e) Solvent flux against the combined solvent properties (viscosity, molar diameter, and solubility
parameters) for DF-CNDs; f) Long term flux and rejection values for BB and DR solutions in
methanol using DF-CNDs. Pressures of 10 bar and 20 bar were applied for the FS-CNDs and
DF-CNDs , respectively.
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The selectivity and permeability of FS-CNDs and DF-CNDs were tested in a lab-scale deadend cell system with different organic solvents. For the FS-CNDs, the pure solvent flux values
for four organic solvents, methanol, ethanol, isopropanol, and toluene are summarized in Figure
3.3-a. Methanol has the highest flux of 23 L m-2 h-1 followed by ethanol (flux= 17 L m-2 h-1),
isopropanol (flux = 8 L m-2 h-1), and toluene (flux = 4 L m-2 h-1).
A phenomenological model has been proposed in the literature, where, the permeance or flux
scales with δ p η -1 dm -2 [63]. We have found that this scaling is also applicable to the FS-CNDs,
as shown in Figure 3.3-a. Here, δ p is the Hansen solubility parameter due to dipole forces, which
captures the interaction between the solvent and thin film. η is solute viscosity, and dm is the
effective molar diameter, capturing size of solvent molecules [66, 53]. Note that although δ p the
highest for methanol, smaller viscosity and molar diameter attributed to the highest flux for our
case (Table. 3S1). Similarly, higher molar diameter attributes towards lower flux in toluene.
We have also investigated the separation efficiency of the synthesized thin films using two
model dye molecules, brilliant blue R (BB, 825.97 g mol-1 ), and disperse red 1 (DR, 314.34 g
mol-1 ) in methanol. The concentration of dye molecules in the feed (methanol) was fixed at 20 mg
L-1. For the FS-CNDs, 90 % and 83% rejection were achieved for BB and DR, respectively, and
such rejection has led to an almost clear permeate solution (Figure 3.3-b). This has been estimated
from the UV-vis spectra of the feed (solid line) and permeate (dotted) solutions (Figure 3.3-c,
d), and using a calibration plot generated for various dye concentration in methanol. The larger
volume of BB molecule (2087.1 Å3 ) in comparison to that of DR molecule (905.6 Å3 ) can be
attributed to the higher rejection of BB [63].
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We also hypothesize that the polarity of the dye molecules has an effect on their permeation
through the CNDs thin film. Here, BB is negatively charged, whereas DR is neutral. The CNDs
thin film is likely to have a negative-charged surface due to its hydrophilic nature, therefore repelling the negatively charged BB molecules from passing through the membrane pores. For the
DF-CNDs, the pure solvent flux values are shown in Figure 3.3-e. In comparison to the FS-CNDs,
the pure solvent flux values for these films are lower, which likely due to the higher thickness of
the sample, as the thicker layer provides increased diffusion path length [66, 123]. The flux values
also scale with δ p η -1 dm -2 with a similar slope that is observed for the FS-CNDs.
To investigate the durability of these thin films, we captured the permeability and selectivity
of the DF-CNDs for BB and RR dyes in methanol for more than 200 min (Figure 3.3-f). The
flux decreased slightly, and the rejection increased with time, likely due to the compaction of the
film. The rejection plateaued at about 98% for BB (Figure 3.3-f) and 89% for DR dyes (Figure
B.6). Reasonably good rejection behavior for DR molecule indicates tight molecular weight cut
off. In addition, the DF-CNDs membranes were also tested in a dead-end cell with aqueous CaCl2
and Na2SO4 solutions (salt concentration 20 mg/L ) to further investigate the rejection behavior
with respect to the solute molecular weight. The DF-CNDs membrane displayed approximately
60.5 % rejection for CaCl2 and 67.3 % for Na2SO4. Based on the rejection data for different
molecular weight materials (Figure B.12), the molecular weight cut off (MWCO), defined as the
solute molecular weight displaying approximately 90% rejection, is estimated to be 320 g mol-1 .
These rejection values are a little higher than the transferred free-standing films. However, both
of these films display better long-term performance behavior in comparison to the commercial
polyamide membranes (for example, SW30HR, Figure B.7) [63]. Also note that the selectivity
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of thin films synthesized here is comparable or better, even for low molecular weight DR, than
polyamide-based membranes (with or without DMF) reported in the literature [101, 2, 135].
The synthesized CNDs are fluorescent active, exhibiting emission maxima at 455 nm correspond to blue color [132]. The fluorescent activity of synthesized CNDs is likely due to their sp2
pi-conjugated structure [53].
Figure 3.4-a displays the UV-vis absorption spectra for CNDs solution and thin film where a
slight shift in absorption peak for CNDs thin film is visible. This can be due to the cross-linking
of CNDs with TMC and further suggest the reaction between CNDs and TMC. As the CNDs synthesized here are fluorescent under UV light, the resultant thin film is also fluorescent and the
luminescent blue color is clearly observed in Figure 4b. Here, the film is supported on a quartz
plate and a free-standing film is shown in Figure B.8. A crack was introduced on the supported
nanofilm using a razor blade and can be detected easily (Figure 3.4-b). Figure 3.4-c shows the
nanofilm on a lasso under UV light, and the fluorescent property of the nanofilm allows one to recognize the presence of defects, ruptures, or cracks in the nanofilm. The ability to detect the cracks
and defects on nanofilm via UV light can introduce a new protocol for identifying mechanical fractures or defects in nanofilms or membranes via measuring their fluorescent property. For practical
applications of the proposed membrane, crack and defect formation can be easily captured. Also,
CNDs can be incorporated in commercial PA membranes and can be used as diagnostic purposes.
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Figure 3.4: Harnessing fluorescence properties of CNDs films. a) UV-Vis absorption spectra for
CNDs solution (0.1 g/L) in ethanol and CNDs nanofilm b) CNDs nanofilm (on a quartz slide)
under UV light. The top-right inset shows distinct crack in the nanofilm c) The free-standing
CNDs nanofilm on a lasso under UV light capturing the defects, folding and ruptures.

3.4

Conclusions
In summary, fluorescent CNDs synthesized via solvothermal method have been used as novel

materials for the fabrication of mechanically stable nanofilms, compatible with organic solvents.
The CNDs nanofilms were formed via the LbL method on different substrates and can be rendered
free-standing, therefore allowing them to be transferred on a substrate of choice. TFC membranes
have been prepared with crosslinked CNDs as active layers, and these membranes display excellent
nanofiltration capability with tight molecular weight cutoff. The fluorescent property of the CNDs
is beneficial for the detection of mechanical fracture in active layers and can also be incorporated
in commercial polyamide membranes for diagnostic purposes. Moreover, the LbL method for the
active layer fabrication and the possibility of transfer that active layer on any substrates can be
harnessed to develop membranes on many types of substrates, for example, alumina, or ceramic,
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to minimize the swelling and degradation of polymeric support layer, and to study the solvent
impacts on intrinsic properties of fabricated active layers.
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS

4.1

Conclusions
In this thesis, graphene oxide nanoplatelets (GONPs) and carbon nanodots (CNDs) were used

as promising carbon-based nanomaterials to fabricate thin film nanocomposite membranes via LbL
assembly for water desalination and organic solvent nanofiltration (OSN) applications. LbL technique is a promising modular method for synthesis of the active layer for membranes. The resulted
membranes showed enhanced permeability, selectivity, and surface characteristics compared to
pristine membranes.
It has been demonstrated that GONPs can be successfully incorporated into the PA matrix via
LbL method. GONPs were embedded in membranes via LbL assembly in various configurations
such as alternating layers of GONPs and PA, and GONPs at the top of the PA layer. Presence
of GONPs on these membranes has been verified using SEM, AFM, and TEM. Incorporation of
GONPs results in increasing hydrophilicity of the samples, as determined by measuring water
contact angle. The salt rejection value of (PA/GO)15 is higher than the pristine membrane PA15 ,
while the water flux remains similar. The incorporation of GONPs in PA matrix enhance chlorineresistance property of synthesized membranes. We hypothesized that the water transport happens
through the interlayer spacing between two graphene nanoplatelets and the PA matrix, while the
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transport through PA dictates the flux. The GONPs containing membranes also display improved
chlorine resistance properties compared to pristine membranes.
Furthermore, fluorescent CNDs synthesized via solvothermal method have been used as novel
materials for the fabrication of mechanically stable nanofilms, compatible with organic solvents.
The CNDs nanofilms were formed via the LbL method on different substrates and can be rendered
free-standing, therefore allowing them to be transferred on a substrate of choice. TFC membranes
have been prepared with crosslinked CNDs as active layers, and these membranes display excellent
nanofiltration capability with tight molecular weight cutoff. The fluorescent property of the CNDs
is beneficial for the detection of mechanical fracture in active layers and can also be incorporated
in commercial polyamide membranes for diagnostic purposes. Moreover, the LbL method for the
active layer fabrication and the possibility of transfer that active layer on any substrates can be
harnessed to develop membranes on many types of substrates, for example, alumina, or ceramic,
to minimize the swelling and degradation of polymeric support layer, and to study the solvent
impacts on intrinsic properties of fabricated active layers.

4.2

Future Directions
The current study was undertaken in order to investigate the extension of LbL method for

incorporating nanomaterials in the TFC membranes. Specifically, the study evaluated the role
of carbon-based nanomaterials such as GONPs and CNDs in improving the TFC membranes for
intended applications such as desalination and OSN. Although the project has yielded LbL method
as a modular technique for embedding the nanomaterials in TFC membranes, a direction toward
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envisioning an optimum membrane for desalination, OSN, and many other applications have been
proposed.
The LbL assembly offer an interesting opportunity to incorporate nanomaterials like GONPs
and CNDs in TFC membrane active layers. The GONPs could be added to the polyamide layer
(active layer) through alternate layer deposition of PA and GONPs or GONPs deposited on top of
PA layer. There exist other promising possibilities to adjust the placement of GONPs in PA matrix.
As GONPs could be incorporated in different placements in PA matrix until the optimum results is
achieved. In addition, possible use of surfactants or stabilizing agents could yield monolayers of
GONPs for embedding in PA structure. In this way, there will be better control on thickness growth
and surface properties of polyamide layer where GONPs are incorporated after being stabilized
with surfactants.
Furthermore, the size of CNDs, GONPs, and lateral dimensions of GONPs could be more
tuned for better controlling the surface and physical properties of synthesized membranes upon
incorporation of such nanomaterials in active layer. The thickness of the CNDs thin films could
be decreased by tuning the CNDs sizes in lower range (less than 10 nm in diameter) to overcome
the trade off between permeability and selectivity of the membranes. Controlling and adjusting
the lateral dimension and thickness of GONPs would highlight great possibilities of preparing a
range of membranes containing GONPs with well-defined nanochannels for different separation
applications. More significantly, well defined pores could be induced on the surface of GONPs
using ion and electron bombardment to provide more areas for water passage through dense active
layer structure, therefore enhancing their water permeability.
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It is hypothesized that incorporation of GONPs or CNDs would enhance the mechanical properties of the TFC membranes. This can be verified by experimenting the mechanical properties
of membranes and evaluating the changes in membrane mechanical properties by incorporation of
nanomaterials. The conventional tensile testing experiment is challenging to be applied in ultrathin films. Therefore, buckling method is suggested for measuring the mechanical properties of
polyamide thin films containing GONPs. This can be facilitated by performing experiments where
buckling instabilities is applied on thin active layers to yields the elastic moduli of nanoscale
polyamide film containing carbon-based nanomaterials. This way the film’s elastic modulus can
be calculated by applying buckling mechanics.
Furthermore, the CNDs membranes are a great promise for other applications such as removal
of heavy salt ions as it is shown with the MWCO results of CNDs membranes. The CNDs membranes are promising in separating any solute with molecular weights of more than 320 g/mol. One
other great promise of using CNDs membranes in water based systems, is that these membranes
could potentially show more stabilities upon chlorination. It has been stated through the thesis
that polyamide layers are susceptible to the chlorine based solutions as the chlorine ions can degraded the PA structure through ring-chlorination reaction. Use of developed CNDs membranes
here would be a great promise to enhance membrane behavior in chlorine solutions as the MPD
monomers with hexagonal rings are substituted with CNDs possessing carbonic cores instead of
rings. The CNDs do not have aromatic rings which are susceptible to chlorination. Therefore,
these materials have a better chance in withstanding harsh solutions such as chlorine compared to
nanofilms made of traditionally used monomers.
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One of the greatest difficulties with synthesizing modified membranes with nanomaterials using
LbL method via spin coating, is the scalable manufacturing of large membranes containing GONPs
or CNDs while keeping the process at low cost. Therefore, future work is needed in modulating the
LbL approach toward synthesizing membranes in larger scales and in shorter time with minimum
cost associated with it.
Although the solution to the most aforementioned issues with developed GONPs/ CNDs membranes is not fully devised, TFC membranes containing carbon-based nanomaterials will definitely
offer novel and tunable transport properties. These issues could be a great opportunity for the
scientists to investigate new pathways for making clean environment and clean water around the
globe.
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APPENDIX A
LAYER-BY-LAYER ASSEMBLY OF GRAPHENE OXIDE NANOPLATELETS EMBEDDED
DESALINATION MEMBRANES WITH IMPROVED CHLORINE RESISTANCE

93

A.1

Figures and tables related to chapter 2

Figure A.1: (a,b) Scanning electron microscopy images of GONPs, and (c-e) atomic force microscopy images of GONPs on silicon wafer along with its depth/thickness histogram
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Figure A.2: TEM image of HPAN
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Figure A.3: Atomic force microscopy (AFM) surface image of 10 layers of LbL fabricated
polyamide (PA) on silicon wafer. The thickness was measured by scratching the surface of PA
layer using a razor blade. The difference of height between the PA surface and silicon wafer is
reported.
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Figure A.4: a)TEM image of HPAN/PE/(PA/GO)15 , b) TEM image of HPAN/PE/PA15
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Figure A.5: Atomic force microscopy (AFM) surface image of LbL fabricated PA5 /GO5 /PA5 on
silicon wafer. The image on the left is non-scratched sample and the image on right is scratched
sample. The layer thickness is approximately 60 nm.
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Figure A.6: FT-IR spectrum of (PA/GO)15 and PA15 on HPAN/PE
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Figure A.7: FT-IR spectrum of hydrolyzed PAN (HPAN) and polyelectrolyte-coated HPAN
(HPAN/PE)

As presented in Fig.SA.7, FTIR characterization was conducted on the PE coated HPAN
(HPAN/PE). The characteristic peak of HPAN at 2243 cm-1 which is due to CN group diminishes significantly after deposition of the PE layer. For the HPAN sample, a peak at 1727 cm-1 is
observed, which is due to the conversion of a nitrile group to a carboxylate group by hydrolysis of
PAN. This peak (1727 cm-1 ) cannot be seen for HPAN/PE FT-IR spectrum. Both of these suggest
that the HPAN substrate is covered with a PE layer. The peak at 1564 cm-1 (amide, NH bonding)
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is higher in intensity for HPAN/PE suggesting that the amine functional groups of PEI react with
the acrylic acid functional groups on PAA forming amide bonds.
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Figure A.8: XPS high resolution scan for (a) O1s of GONPs, (b) O1s of PA15 , (c) O1s of
(PA/GO)15 , (d) O1s of PA15 /GO3
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Figure A.9: Long term water flux and salt rejection performance of PA15/GO3 membrane using
dead-end cell. 400 psi pressure and 2000 ppm NaCl feed solution was used. Blue represents the
flux and red represents the salt rejection values.)
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A.2

Data Analysis and Statistics

All experiments were conducted atleast three times (three independent replicates). The mean
value and the standard deviation were estimated for each case. Subsequently, the results were statistically analyzed by one-way analysis of variance (ANOVA) test to determine whether the mean
values are different. If the mean values have been found to be different, a t-test was performed to
determine whether the results are statistically different. The p-value less than 0.05 indicates the
results are different.
The water flux means values for three different membranes (PA15 , PA15 /GO3 , (PA/GO)15 ) are not
significantly different (p-value= 0.25 > 0.05 in one-way ANOVA test). However, the salt rejection means values are significantly different for these samples (p-value= 0.04 < 0.05 in one-way
ANOVA test). Since the ANOVA test does not determine where the membranes are different, a
t-test was conducted to evaluate the difference in means for each pair of membrane types. Using
t-test, it was found out that the salt rejection values for the (PA/GO)15 (p-value= 0.02 for t-test <
0.05) and PA15 /GO3 (p-value= 0.04 for t-test < 0.05) are different than PA15 .
The water flux means values (after chlorination) for three different membranes (PA15 , PA15 /GO3 ,
(PA/GO)15 ) are significantly different (p-value=0.002 < 0.05 in one-way ANOVA test). A t-test
was conducted to evaluate the differences in water flux means (after chlorination) for each pair of
membrane types. It was found out that two membranes of PA15 /GO3 (p-value= 0.006 for t-test <
0.05) and (PA/GO)15 (p-value= 0.002 for t-test < 0.05) have significantly different mean water flux
values (after chlorination) in comparison to PA15 .
The salt rejection means values (after chlorination) were significantly different for three different (PA15 , PA15 /GO3 , (PA/GO)15 ) samples (p-value=0.02 < 0.05 in one-way ANOVA test). Using
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t-test, it was found out that two membranes of PA15 and (PA/GO)15 are significantly different in
salt rejection mean values (after chlorination) (p-value for t-test=0.02 < 0.05).

Figure A.10:AFM image of PA5-GO1-PA5.

106

Figure A.10:SEM image of PA5/(PA and GO)5 on HPAN/PE.

A.3

Chlorination of Polyamide Membranes

Raw water contains microorganisms such as bacteria, algae, fungi, and viruses. The live microorganisms are able to reproduce and form a biofilm under favorable living conditions. In an RO
system, these microorganisms become concentrated on a large membrane surface which forms a
biofilm. The fouling of the membrane negatively affect the performance of the RO system.
Chlorine-based chemicals are being used as disinfecting agents for water treatments and PAbased membranes, which are susceptible to chlorine exposure. Use of chlorine in RO systems help
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with the prevention of biological membrane fouling (biofouling) as well as removal of biofoulants
from the surface of RO membranes. These chlorine based chemicals result in oxidation of PA
membranes. Chlorine (Cl2 ) has been used to treat water and wastewater as a disinfectant since it
can deactivate microorganisms quickly. Chlorine is most commonly available as chlorine gas and
the hypochlorite of sodium and calcium. In water, they hydrolyze instantaneously to hypochlorous
acid:
Cl2 + H2 O → HOCl + HCl

(A.1)

N aOCl + H2 O → HOCl + N aOH

(A.2)

Ca(OCl)2 + 2H2 O → 2HOCl + Ca(OH)2

(A.3)

The chlorine gas (Cl2 ) or sodium hypochlorite (NaOCl) in the RO feed water undergo hydrolysis to form hypochlorous acid (HOCl) which further deprotonates to form hypochlorite ion
(OCl- ) [118]. HOCl and OCl- are aggressive oxidants. The chlorine attacks in a non-reversible
reaction such as ring-chlorination through intramolecular rearrangement of chlorine atom into
aromatic ring of the diamine moiety via Orton rearrangement. In Orton rearrangement reaction
where N-chlorination leads to ring chlorination followed by intra-molecular rearrangements, leads
in degradation in the membrane [6]. In addition chlorine attacks the lone electron pair of either N
or O atom of amidic groups which leads to chlorination of amidic nitrogen and the formation of
N-chloroamide [40] [118].

A.4

Effect of Graphene Oxide on the chlorine resistant Properties of the Membranes

Graphene oxide nanoplatelets (GONPs) is a promising material to enhance chlorine stability
of the PA membranes due to the GONPs chemical stability. GONPs can be used as a protective
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layer for PA membranes from chlorine degradation. It can have a role of protective barrier and
prevent adsorption of foulants such as hydrophobic proteins on the PA surface since GONPs are
highly hydrophilic and retard diffusion of active chlorine species (OCl- ) ions toward the middle
core area of the PA selective layers. Also, the GONPs act as barrier toward further penetration
of OCl- ions in the core structure of PA layer via size exclusion mechanism [22]. The GONPs
retard the diffusion of chlorine ions (OCl- ) toward the middle core area of the polyamide layer
due to GONPs transport resistance. The size exclusion is ruled by the GONPs interlayer spacing
and electrostatic interaction [22]. The size exclusion leads to discrimination of chlorine ion (OCl- )
similar to the salt ion (Cl- ). It is expected that the diffusion of the larger OCl- through the GONPs
layer is more restricted than the smaller Cl- ion [22].
It is reported in the literature that characterization tools such as XPS can be utilized to obtain
information about the chemistry of the surface layer and GO layer. The XPS studies have shown
that GO layer can protect the PA layer by absorbing chlorine radicals to form O-Cl due to phenolic
moieties on the GONPs [110]. The appearance of O-Cl in the GONPs containing membranes after
chlorination can be due to the reaction of GONPs layer with NaClO [110].
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APPENDIX B
CROSSLINKED CARBONIZED POLYMER DOTS MEMBRANES FOR ORGANIC
SOLVENT NANOFILTRATION
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B.1

Figures and tables related to chapter 2
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Figure B.1: Schematic of fabrication of freestanding nanofilm using a water-soluble sacrificial
layer. i) 3 layers PAA solution is spin-coated on an oxidized silicon wafer at 500 rpm for 45
seconds to ensure full coverage of silicon wafer surface then at 2000 rpm for 20 seconds followed
by drying the surface using an air gun and a hot plate; ii) 30 layers of CNDs nanofilm was formed
on the surface via depositions of CNDs solution in toluene, acetone, TMC in toluene, and toluene,
respectively. One cycle of CNDs solution, acetone, TMC, and toluene yields one layer of CNDs
nanofilm, herein, 30 layers of CNDs nanofilm was formed. iii) After the formation of CNDs
nanofilm, the sample was dipped in a water bath to obtain freestanding CNDs nanofilm. The PAA
layer dissolved in water gradually, so enough time should be given in this step to minimize the
defects and wrinkles formation in freestanding film. iv) The floating freestanding CNDs nanofilm
can be transferred to different supports. Enough time should be given to dry, letting the CNDs
nanofilm physically attach to the support layer. iv) The resultant thin film membrane can be tested
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in a filtration set-up (i.e. dead-end cell, or vacuum filtration setup) or used for characterization
studies.

Figure B.2: SEM cross-section image of freestanding CNDs nanofilm transferred onto porous
alumina support layer.
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Figure B.3: The water contact angle of CNDs nanofilm formed on a silicon wafer
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Figure B.4: a) XPS long scan (LS) data of CNDs powder; b) High-resolution C1s spectrum of
CNDs powder; c) Long scan spectra of CNDs nanofilm, d) high-resolution C1s spectra of CNDs
nanofilm.
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Figure B.5: FTIR spectra for CNDs powder (black line) and DF-CNDs membrane (green line).
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Figure B.6: Brilliant blue (BB) and disperse red (DR) feed and permeate solutions for DF-CNDs
membranes tested in dead-end cell at 20 bar pressure.
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Figure B.7: OSN performance for SW30HR membrane as a function of time. Pure methanol
permeance through an SW30HR commercial membrane displays about 84.1 % decline in flux in
20 h. The dead-end test has been performed at 10 bar and at ambient temperature.
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Figure B.8: Image of freestanding CNDs nanofilm under UV light. The nanofilm has been lift-off
from silicon wafer after being fabricated by LbL assembly.
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Figure B.9: Chemical structure of Brilliant Blue R (BB) molecule.
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Figure B.10: Chemical structure of Disperse Red 1 (DR) dye molecule.

Figure B.11: a,b) surface and 3D cross-section microscopy images of freestanding CNDs nanofilm
fabricated by LbL spin-assisted assembly using Keyence VHX-7000 digital microscope with z
resolution of 1 µm. c) image of fabricated lbl spin-assisted freestanding CNDs nanofilm floating
on water surface.
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Figure B.12: Rejection data for DF-CNDs. Solutes and dyes with different molecular weights
were used. Feed pressure: 20 bar, feed concentration: 20 mg L-1 , and stirring speed of 500 rpm.
Two dyes of BB and DR were solved in methanol. Aqueous solutions of calcium chloride (Mw ≈
110.9 g mol-1 ) and sodium sulfate (Mw ≈ 142.04 g mol-1 ) were used. The dashed line shows 90%
rejection, and the corresponding molecular weight is used as the molecular weight cut off value for
this membrane.
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APPENDIX C
FABRICATION OF INTERFACIALLY POLYMERIZED CARBON NANODOTS
NANOFILMS
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C.1

Introduction

In recent years, nanoscale carbon materials such as zero (carbon nanodots), one (single-walled
nanotube), and two (graphene and graphene oxide) dimensional nanomaterials have shown enormous potential as benign substitution candidates for synthesizing porous membranes [58]. Carbon
nanodots (CNDs) can be promising in many applications due to their biocompatibility, facile synthesis, and favorable photophysical properties. Currently, the CNDs can be generated using laser
ablation, electrochemical oxidation, carbonization, wet oxidation, ultrasound, and microwaveassisted synthesis [14]. The CNDs can be synthesized either by ”top-down” or ”bottom-up” approach [122]. In the top-down approach, CNDs are generated from physical or chemical cutting
processes of macroscopic carbon structures such as carbon nanotube or graphene using chemical
oxidation, electro-chemistry, or laser irradiation [122]. On the other hand, in the bottom-up approach, organic precursors are needed as starting materials to produce CNDs using approaches
such as microwave, heat, or ultrasonic wave for molecular structure transformation. A diversity of
carbon sources exists for starting materials such as sucrose, citric acid, or amino acids [94]. Herein,
a simple hydrothermal method was applied to prepare multicolor photoluminescent CNDs from
m-phenylenediamine (MPD) and o-phenylenediamine (OPD) regarded as mCNDs and oCNDs, respectively. These CNDs contain amine functional groups and are used for chemical crosslinking
with TMC monomers.
Membranes with several nanometers of thickness have been fabricated using interfacial polymerization (IP) method for separation applications where the m-phenylenediamine (MPD) crosslink
with trimesoyl chloride (TMC) monomers to form polyamide layer [18]. Although membrane technology has been adapted as a more environmentally friendly approach toward separation applica124

tions in organic matters, more stable and efficient membranes are demanded in industry. The interactions between the organic solvents and the membrane active layer and porous support leading
to swelling and degradation pose challenges for the rapid deployment of commercially available
reverse osmosis and nanofiltration membranes for OSN applications [59]. Thus, the development
of custom membranes is necessary by introducing new chemistries for the active layer, which then
can be combined with a suitable support layer [99]. Among many strategies, hybrid active layers consisting of polymers and inorganic nanomaterials are being investigated, as these can have
better mechanical properties and can also be rendered compatible with a wide range of organic solvents [147, 82, 96, 106]. Carbon nanodots (CNDs) have the potential to be regarded as reinforces
for selective membranes fabrication due to their promising properties such as chemical inertness,
fine size, chemical compatibility, and functionality. Also, the use of carbon-based nanomaterials such as CNDs in TFC membranes facilitates formation of crosslinked selective nanofilms in
a freestanding way due to the enhanced mechanical properties of CNDs. The synthesized freestanding CNDs can later be moved onto a substrate for RO performance experiments [4]. As the
OSN process typically involves smaller organic molecules, a dense network with a small pore size
is necessary. Such a dense network can be found in commercially available thin-film composite
(TFC) membranes, for example, polyamide membranes, which have been investigated for the OSN
applications [105, 60]. Commercial available thin-film composite (TFC) membranes for organic
separation applications, are comprised of a highly cross-linked polyamide (PA) selective layer on
a solvent-stable porous polymeric support [99]. The key component of TFC membranes for separation of dye molecules and solvents, is PA layer (active layer). The active layer of current TFC
membranes are made by the interfacial polymerization (IP) technique [18]. In the IP process, a
125

porous polymeric support is being immersed in an aqueous diamine solution and then an organic
triacid chloride solution, respectively. The active layer forms by polymerization reaction happening at the water-oil interface.
The CNDs membranes were prepared on HPAN support membrane and characterized to understand the membrane structure, morphology, and chemical composition. The motivation for using
CNDs as building blocks instead of MPD for formation of TFC membranes, is to increase the
stability of TFC membranes in strong swelling solvents in organic solvent nanofiltration (OSN)
applications.
In this work, the synthesized CNDs are fluorescent active which originates from the surfacestate emission [14]. The energy gap between excited states and ground state is dependent on the
surface properties and sizes of CNDs [14]. The synthesized CNDs nanofilms displayed the similar
photoluminescent of the CNDs which this novel fluorescent active CNDs nanofilm will open up
new pathways for detecting mechanical failures of membranes in separation applications.

C.2 Methods and Materials
C.2.1 Materials
Refer to section 3.2.1.

C.2.2

Characterization methods

Refer to section 3.2.2

C.3 Experimental
C.3.1 Carbon Nanodots (CNDs) Synthesis
Refer to section 3.2.4.1
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C.3.2

Preparation of CNDs Membranes Using Interfacial Polymerization (IP) Method

The CNDs-TFC membrane was fabricated by interfacial polymerization on the HPAN membrane where amine functional groups of CNDs have reacted with acyl chloride functional groups
of TMC as shown in Figure C.1. Different samples based on the different concentrations of CNDs
solution, solvent type, reaction time, and use of substrate were prepared for this study. For characterization studies, some of the CNDs nanofilms were synthesized using interfacial polymerization
method where the CNDs nanofilm is formed at the interface of aqueous and organic solutions interface without the need for use of a substrate. Therefore, the resulted nanofilm is regarded as
freestanding nanofilm where the nanofilm can be placed onto any substrate of choice for further
performance studies.
For formation of CNDs film on HPAN, the support HPAN membrane was cut and taped on a
glass frame and kept in ambient temperature before use. The HPAN support layer was subsequently
immersed in aqueous solution of CNDs (0.13, 3, 0.1, 0.26, and 1 wt%). Excess solution was
removed and dried by placing it vertically. The prepared HPAN membrane was then immersed in
organic solvent (such as n-hexane, or toluene) containing TMC with concentrations (0.15, 1, 0.1,
and 0.005 wt%) to form a CNDs layer. The resulting membrane was drained and dried in oven at
30 C ◦ for further cross-linking reaction and solvent evaporation.

C.4

Results and Discussions

Figure C.2 shows the FT-IR spectra of interfecially polymerized free standing thin films. The
sample with 3 wt% aqueous solution of CNDs reacting with 0.15 wt% TMC shows amide I (C=O
stertching) at 1650 cm-1 and amide II (C-N stretching) at 1541 cm-1 . For the sample of 0.1 wt%
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CNDs reacting with 0.005 wt% TMC, the amide I (C=O stretching) peak is presented at 1653 cm-1
and amide II (C-N stretching) at 1541 cm-1 .
Figure C.3 shows the SEM characterization studies of synthesized membranes. Figure C.3a
shows the SEM cross-section view of freestanding thin film made of 0.13 wt% CNDs in DI water
and 1 wt% TMC in toluene where the interfacial polymerization reaction time was 10 minutes.
As observed in SEM image, the thin-film is highly porous and has homogeneous morphology on
the surface (figure C.3c). Figure C.3e illustrates the TEM surface image of freestanding thin film
prepared at the interface of 3 wt% CNDs in DI water and 1 wt% TMC in n-hexane. As observed in
the TEM image, the presence of CNDs with their carbonic cores are visible. Similarly the figure
C.3g shows the presence of CNDs nanoparticles in the CNDs thin film synthesized on HPAN using
IP at the interface of 3 wt% CNDs in DI water and 0.1 wt% TMC in n-hexane.

Figure C.1: Schematic of CNDs crosslinked with TMC
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Figure C.3 e,f illustrate the SEM cross-section and surface image of CNDs thin film made on
HPAN using interfacial polymerization at the interface of 3 wt% aqueous CNDs solution and 0.1
wt% TMC in n-hexane. As shown, the interfacial polymerization has generated CNDs layer on top
of HPAN support membrane.

Figure C.2: FTIR data of freestanding interfacially made CNDs with TMC. Blue graph is 3wt%
CNDs in water reacting with 0.15 wt% TMC in n-hexane. Red graph is 0.1wt% CNDs in water
reacting with 0.005wt% TMC in n-hexane.
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Figure C.3: SEM a,b) cross-section view and c) surface view of freestanding thin film made at
the interface of 0.13 wt% aqueous CNDs solution and 1 wt% TMC in toluene solution for 10
minute of reaction time, d) TEM surface image of freestanding thin film made at the interface of
3wt% aqueous CNDs solution and 1 wt% TMC in n-hexane, e) SEM cross-section view, f) SEM
surface image and g) TEM surface image of CNDs thin film made on HPAN using interfacial
polymerization at the interface of 3 wt% aqueous CNDs solution and 0.1 wt% TMC in n-hexane.
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Figure C.4: a,b) SEM surface image of freestanding IP-made CNDs film using 3 wt% aqueous
CNDs and 0.1 wt% TMC in n-hexane, the film was transferred on peeled PAN50 membrane for
SEM imaging

Figure C.4 a,b shows the SEM surface image of freestanding interfacially polymerized film
where CNDs layer has been formed at the interface of 3 wt% CNDs solution in DI water and 0.1
wt% TMC in n-hexane. The film was then transferred onto peeled PAN50 for SEM imaging. As
observed, the surface of CNDs film has some local agglomeration which could be due to increase
in CNDs concentration.
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Figure C.5: a,b,c) SEM cross-section image of oCNDs membranes where 0.1 wt% oCNDs in
toluene and 1 wt% TMC in toluene was spin coated on HPAN/PE support layer. 30 layers of
oCNDs layers was spin coated for fabrication of oCNDs nanofilm .

The ortho-CNDs are the CNDs obtained from o-phenylenediamine for preparation of oCNDs
membranes. Figure C.5 shows the SEM cross-section images of oCNDs membranes where 0.1
wt% of oCNDs in toluene and 1 wt% TMC in toluene were used for deposition of 30 layers of
oCNDs on HPAN/PE via spin coating system. The SEM image shows the homogeneous formation
of oCNDs on HPAN substrate where the thickness is consistent throughout the membrane crosssection.
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Figure C.6: a,b) SEM cross-section image of free-standing IP made mCND membrane with 0.26
wt% mCND in 50 wt% DI water/ 50% ethanol solution and 1 wt% TMC in Toluene

Figure C.6 shows the SEM image of a freestanding CNDs membrane formed through using
0.26 wt% CNDs solution in 50 wt% DI water/50 wt% ethanol and 1 wt% TMC in toluene via
interfacial polymerization method. The SEM cross-section shows the formation of highy porous
nanofilm where the pores are larger in size compared to similar CNDs nanofilm formed by using
aqueous solutions of CNDs.
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Figure C.7: a,b,c,d) TEM image of freestanding CNDs nanofilm via IP method using 1 wt% aqueous mCND solution and 0.1 wt% TMC in n-hexane

Figure C.7 shows the TEM images of freestanding IP-made CNDs nanofilms where 1 wt%
CNDs in water and 0.1 wt% TMC in n-hexane were used for formation of CNDs layer. Figure C.7
shows the well dispersion of CNDs nanoparticles in the CNDs nanofilm. However, there are some
local aggregations of CNDs nanoparticles in the Figure C.7 which could be due to the hydrogen
bonding interactions among the hydroxyl groups of adjacent CNDs nanoparticles which cause
local agglomeration of CNDs.
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Table C.1 presents the performance behavior of synthesized CNDs membranes using interfacial polymerization or LbL method. Future works is needed to investigate the rejection behavior
of CNDs membranes fabricated by using higher concentrations of CNDs. The membranes have
showed up to 85% rejection of brilliant blue dye using LbL-made CNDs membrane.

C.5

Conclusion

In this study, novel composite membranes based on CNDs active layer were prepared for organic solvent nanofiltration. Carbon nanodots (CNDs) were synthesized using m-phenylenediamine
(MPD) and o-phenylenediamine (OPD) as source materials. The CNDs were used as building
blocks for formation of rigid porous nanofilms using interfacial polymerization (IP) reaction. The
synthesized CNDs nanofilms were shown to be highly porous using high resolution microscopic
tools. The unique strategy of using CNDs coupled with interfacial polymerization method depicted
herein may pave the way for well-designed nanocomposite membranes with enhanced mechanical
stability, performance ability, and chemical inertness.
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